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ABSTRACT 
 
Turfgrass lawns are widely used in residential and commercial landscapes, providing 
many environmental, aesthetic, and recreational benefits. However, concerns and scrutiny arise 
with perceived maintenance requirements, particularly with regards to irrigation. It is important to 
manage irrigation in order to maximize water conservation without significantly reducing lawn 
quality. A series of field and greenhouse studies were conducted to investigate how water 
usage might be reduced in irrigation practices with the following proposed objectives: 1) 
evaluate the use of rain and soil moisture sensors in a humid transition zone environment; 2) 
evaluate the effects of chronic drought stress between drought-resistant and drought-sensitive 
varieties of tall fescue (Festuca arundinacea Schreb.; TF) and Kentucky bluegrass (Poa 
pratensis L.; KBG) under field conditions; 3) investigate field performance differences between 
KBG varieties, varying in drought-resistance, under variable amounts of deficit irrigation; 4) 
evaluate the impact of irrigation frequency on the establishment of seeded cool-season 
turfgrasses varying in drought resistance; 5) and evaluate the impact of deficit irrigation for 
establishing seeded TF cultivars, varying in drought resistance, in the field. On average, rain 
sensors reduced irrigation by 22.5% and soil moisture sensors reduced irrigation by 66.5% with 
no decline in turfgrass quality with no decline in lawn quality. Environmental conditions greatly 
influenced the impact of chronic drought stress on TF and KBG, as intense and timely rains 
occurred. As a result, minimal differences in turfgrass quality or green turfgrass coverage were 
observed. Under prolonged, chronic drought stress, drought-resistant KBG exhibited greater 
coverage than drought-sensitive KBG at lower levels of deficit irrigation. During establishment, 
drought-resistant perennial ryegrass (Lolium perenne L.), TF, and KBG varieties irrigated every 
two days, exhibited similar turfgrass coverage to when irrigated daily. Intraspecific drought-
resistance differences of mature TF and KBG in previous findings were not consistently 
observed during establishment. Tall fescue irrigated at 75% of reference evapotranspiration 
exhibited similar coverage as irrigation replacing 100% reference evapotranspiration, which 
could be a useful guideline regarding irrigation requirements for establishing TF from seed. 
Overall, these findings demonstrate the great potential to reduce water use in irrigation practices 
used in establishing and maintaining turfgrass lawns.  
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INTRODUCTION 
 A turfgrass lawn is a common, and perhaps one of the most desired, landscape 
aesthetics for residential and commercial properties. A healthy, well-manicured lawn creates a 
uniform appearance in a landscape, providing a safe, soft space for recreation, and serves as 
natural borders and surrounds of homes, schools, businesses and other commercial 
establishments. Turfgrass lawns in the landscape not only foster these aesthetic and 
serviceable attributes, but also provide environmental and ecological benefits and a wealth of 
other financial, recreational, and psychological benefits to the consumer. Such benefits include, 
but are not limited to: reducing soil erosion and air pollution, controlling dust and sequestering 
carbon, improving ground water recharge and surface water quality, promoting heat dissipation 
and moderating temperatures, improving property values, social harmony and productivity, 
contributing to positive mental health, and serving as a durable and safe recreational surface 
(Beard, 2008; Beard and Green, 1994; Stier et al., 2013). 
 Milesi et al. (2005) estimated 16.4 million ha (± 3.6 million ha) of land in the continental 
United States is cultivated with turfgrass, representing 1.9% of the total continental U.S. area. 
From this estimate the authors suggest managed turfgrass potentially represents the single 
largest irrigated “crop” in the country, with the assumption that all turfgrass is irrigated. This 
estimate included residential, commercial and institutional lawns, golf courses, athletic fields, 
and roadside turf; with home lawn turf accounting for a majority (66%) of the hectarage 
(Breuninger, et al., 2013). As urbanization increases (Alig, et al., 2004; United States Census 
Bureau, 2016), this land-use estimate for turf would likely increase, posing significant 
implications in terms of water quality and quantity (Fender, 2008; Johnson et al., 2013). 
Therefore, as demand and competition for freshwater resources increases, water use in lawns 
could become more heavily scrutinized, potentially leading to turfgrass removal in efforts to 
conserve water (Devitt and Morris, 2008; Fender, 2008; Johnson et al., 2013). Removal of 
lawns in the landscape could result in environmental and financial consequences, as the 
3 
aforementioned functional, environmental, aesthetic, and recreational benefits of turfgrasses 
(Beard, 2008; Beard and Green, 1994; Stier et al., 2013) would no longer exist once removed. 
 Water is important to the growth and survival of plants, and turfgrasses are no exception 
to the rule. Water is absorbed from the soil by the turfgrass roots and moves throughout the 
plant via the transpiration stream and exits the plant through the stomata in the leaves (Beard 
1973; Fry and Huang, 2004; Kopp and Jiang, 2013). The relative water content within the plant 
is largely dependent on, or influenced by, turfgrass species and / or variety, environmental 
conditions, cultural management practices, soil texture, time of day and time of year (Beard, 
1973; Huang, 2008). The turfgrass water content influences photosynthesis by affecting 
carboxylation enzymes, electron transport, and chlorophyll content (Fry and Huang, 2004; 
Huang, 2008). Water is an integral component of photosynthesis, as water molecules are 
divided by solar radiation, electrons are produced which are utilized in many reduction and 
energy production processes (Beard 1973; Fry and Huang, 2004; Huang, 2008; Kopp and 
Jiang, 2013). Water serves as a catalyst in many metabolic processes and is directly involved in 
many hydrolytic reactions within the plant (Beard 1973; Fry and Huang, 2004; Huang, 2008; 
Kopp and Jiang, 2013). Water also serves as a transport medium for nutrients, organic 
compounds, and gases that enter and mover throughout the plant (Beard 1973; Fry and Huang, 
2004; Huang, 2008; Kopp and Jiang, 2013). With these important processes in mind it is 
therefore important to balance irrigation management and water conservation, without severely 
compromising the aesthetics, health, and growth and development of the turfgrass. 
 The majority of the water absorbed by plants is lost to the atmosphere through 
transpiration. Transpiration is the process wherein water is lost from the leaf to the air as water 
vapor. Only 1 to 3% of the water absorbed by the turfgrass is utilized in metabolic processes, 
while the majority is lost via transpiration (Beard 1973; Fry and Huang, 2004; Huang, 2008; 
Kopp and Jiang, 2013). The vaporization of water is an endothermic, energy-releasing process 
which cools the surface on which it occurs; thus, when water leaves the leaf the leaf surface is 
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cooled. Transpiration is the driving force for water movement throughout the plant and is 
particularly important for the transport of minerals, nutrients, and hormones from the roots to the 
crown, stem, and leaves (Beard 1973; Fry and Huang, 2004; Huang, 2008; Kopp and Jiang, 
2013). 
Three factors which greatly affect turfgrass transpiration rates are internal leaf diffusion 
resistance, external boundary layer resistance, and the vapor pressure gradient between the 
leaf surface and the air (Beard 1973; Fry and Huang, 2004; Kopp and Jiang, 2013). Internal leaf 
diffusion resistance is governed by stomatal opening and closing, cuticle thickness of the leaf 
surface, and compactness of mesophyll cells. Stomatal opening and closing is affected by the 
osmotic potential of the guard cells which regulate the opening and closing of the stomata by 
means of osmotic adjustment (Beard 1973; Fry and Huang, 2004; Huang, 2008; Kopp and 
Jiang, 2013). As the osmotic potential drops, due to an increase in solutes and ions (such as 
potassium), the guard cells fill with water and increase in turgor, allowing the stomata to remain 
open. Nearly 90 to 95% of the transpired water is lost through the stomata and the remaining 
water loss exits from the leaf cuticle. External boundary layer resistance is a zone of water 
vapor directly above the leaf surface, wherein the thickness of the boundary layer influences the 
turfgrass’s transpiration rate (Beard 1973; Fry and Huang, 2004; Kopp and Jiang, 2013). Larger 
leaves on grasses such as tall fescue (Festuca arundinancea (Schreb.); TF) have a larger 
boundary layer, whereas species with finer-textured leaves, such as bermudagrass (Cynodon 
dactylon L.) have thinner boundary layers. The boundary layer is greatly affected by wind, so 
more moisture is transpired from the turf under windy conditions as the boundary layer is 
disturbed. The vapor pressure gradient (sometimes referred to as deficit), is the difference in 
relative humidity between the leaf and the air (Beard 1973; Fry and Huang, 2004; Kopp and 
Jiang, 2013). Since the humidity inside the leaf is much greater than the atmospheric humidity, 
more water is lost, or transpired, when atmospheric relative humidity is low. Understanding 
these morphological and physiological factors and environmental conditions that influence 
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turfgrass transpiration rates can be most useful in knowing which, and when turfgrasses may 
require more water. 
Turfgrasses may also close their stomata if water is utilized and transpired at rates in 
excess of the rate in which water is absorbed or, as available soil moisture decreases (Beard 
1973; Fry and Huang, 2004; Kopp and Jiang, 2013). As stomata close to conserve water, CO2 
entry into leaves also becomes limited and therefore photosynthesis cannot be carried out in the 
chloroplasts. Stomatal closure consequentially deprives the turf of the CO2 required for 
photosynthesis and plant growth and development. Once the stomata close, the internal 
temperature of the leaf increases due to the reduction in transpirational cooling and the turf 
begins to wilt and show additional symptoms of drought stress, therein reducing turfgrass 
quality. It is necessary therefore, under periods of drought stress to utilize irrigation to replenish 
soil moisture so turfgrasses can return to acceptable levels of quality and resume normal growth 
and development. 
Water is lost from the soil by means of evaporation and by absorption by turfgrass roots. 
The amount of water available to the plant in the soil rootzone significantly affects the 
transpiration rate. Turfgrasses use less water as soil moisture decreases and the guard cells will 
close the stomata to conserve water. Additionally, not all water in the soil is available to plants 
and as soil moisture decreases, it becomes tightly held in the soil (Huang, 2008; Kopp and 
Jiang, 2013). Thus, under extremely dry soil conditions the turfgrass is unable to absorb water 
due to the water potential of the soil being less than the water potential of the turfgrass. The 
relationship between soil moisture and soil water potential can influence turfgrass performance 
under drought stress (Huang, 2008; Kopp and Jiang, 2013). The soil water potential is the 
difference between the chemical potential of pure water and the chemical potential of water in 
the soil-plant-atmosphere continuum (Kopp and Jiang, 2013). This soil water potential is 
governed by matric and osmostic forces, and gravity. From the rootzone in the soil, up through 
the turfgrass leaves, the water potential decreases, allowing water to move along a gradient 
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relative to this decreasing water potential. However, as soil moisture decreases, water is tightly 
held in the soil by the adhesive forces of the soil matric potential (a component of the overall soil 
water potential) and the plant is unable to absorb water due to the more negative water potential 
in the soil (Huang 2008; Kopp and Jiang, 2013). Being able to provide water back to the 
rootzone of the turfgrass during drought stress is critical, not only for continued plant growth and 
survival, but also, and perhaps of more concern in a lawn, to maintain desired turfgrass at an 
acceptable aesthetic quality. Therefore, it is important to understand the water requirements of 
turfgrasses in order to know how much water should be replenished in the soil, under decreased 
soil moisture availability, and in the absence of natural precipitation.  
 To maintain desired lawn aesthetics, it is imperative to understand the water 
requirements of turfgrass species so acceptable turfgrass quality can be maintained during 
periods of drought stress, or in circumstances where irrigation practices are strictly regulated. 
By definition, the water requirement of turf is the amount required to meet a performance 
standard rather than a production standard; and suggests turfgrass water requirements are a 
minimum value which may vary depending on the turfgrass species or variety, environmental 
conditions, and the desired performance requirements (Kneebone et al., 1992). Knowing the 
turfgrass water use rates is of critical importance in understanding the turfgrass irrigation 
requirements. Turfgrass water-use rates are generally quantified in terms of an 
evapotranspiration (ET) rate (typically recorded in mm day-1); representing the combined loss of 
water through the processes of evaporation and transpiration from the soil and plant surfaces 
(Beard, 1973; Fry and Huang, 2004; Romero and Dukes, 2015). By understanding the water 
use or ET rate, turfgrass managers and consumers can identify and utilize varieties that would 
require, or use, less water. 
Research has reported turfgrasses differ inter- and intraspecifically in their ET rate, 
which in turn influences their water requirement. These differences could be due to different 
morphological characteristics and also physiological responses to water deficits. Previous 
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studies and extensive reviews of over thirty years of research, have reported inter- and 
intraspecific variation in turfgrass water use rates across multiple locations and under various 
turfgrass cultural practices and regimes, (Beard, 1989; Carrow, 1995; Feldhake et al., 1983; Fu 
et al., 2004; Kenna, 2008; Kenna and Horst, 1993; Kim and Beard, 1988; Kopp and Jiang, 2013; 
Romero and Dukes, 2015). From these studies it has been reported that warm-season turfgrass 
species vary in their water use ranging from 3.0 to 9.0 mm per day, whereas cool-season 
species range from 4.0 to 13.0 mm per day (Huang, 2008; Leinauer and Devitt, 2013). Warm-
season turfgrasses are generally more drought resistant than cool-season species due to their 
lower water-use rates; which is understood due to the ability of warm-season species to 
maximize their photosynthesis rates under higher temperatures (≥ 30 °C) since they undergo C4 
photosynthesis and do not undergo photorespiration at these higher temperatures like the cool-
season turfgrasses which utilize the C3 photosynthetic pathway (Beard 1973; Fry and Huang, 
2004). Inter- and intra-specific differences in turfgrass water use rates can also be affected by 
morphological factors such as growth rate, growth habit, tiller or shoot density, canopy density, 
and rooting depth and density (Beard, 1973; Fry and Huang, 2004, Huang, 2011). A number of 
morphological and physiological responses may occur as a consequence to decreased soil 
moisture availability (Fry and Huang, 2004; Huang, 2008; Kopp and Jiang, 2013), and these 
responses are indicative of the drought resistance mechanisms employed among various 
turfgrass species and varieties. 
 Turfgrass drought-resistance mechanisms have been grouped into three categories: 
drought avoidance, drought tolerance, and drought escape (Beard, 1989; Fry and Huang, 2004; 
Kopp and Jiang, 2013; Shearman and Kenna, 2011). Drought escape describes the ability of 
the turf to complete its life cycle prior to drought stress occurring, and then restarting growth, via 
seed germination, once soil moisture conditions are favorable for turfgrass growth and 
development (Beard 1989; Fry and Huang, 2004; Shearman and Kenna, 2011). Dehydration 
avoidance, which is often called drought avoidance, describes the ability of turfgrasses to avoid 
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tissue-damaging water deficits while growing under drought stress conditions. Turfgrasses 
exhibiting drought avoidance maintain relatively high internal water potentials, and retain their 
green canopy, showing very minimal signs of wilt. Drought avoidance mechanisms include 
morphological characteristics such as leaf hairs, cuticle thickness, and leaf surface area, or 
increased turfgrass rooting depth and distribution within the soil profile (Beard, 1989; Fry and 
Huang, 2004; Kopp and Jiang, 2013; Shearman and Kenna, 2011). Turfgrasses exhibiting 
drought tolerance endure low internal water potentials and tissue dehydration, essentially 
surviving desiccation of the protoplasm and attempts to minimize further tissue damage while a 
negative tissue water balance exists (Beard, 1989; Fry and Huang, 2004; Huang, 2008; Kopp 
and Jiang, 2013; Shearman and Kenna, 2011). Dehydration tolerance, or drought tolerance, 
involves physiological plant responses and mechanisms concerning maintenance of turgor and 
desiccation tolerance such as osmotic adjustment, protoplasmic resistance, and altered protein 
synthesis. Drought-tolerant turfgrasses also demonstrate an ability to recover and resume 
growth after prolonged periods of drought stress once soil moisture is replenished and the 
protoplasm is sufficiently rehydrated (Beard, 1989; Fry and Huang, 2004; Kopp and Jiang, 2013; 
Shearman and Kenna, 2011). Proper selection of turfgrass species, and varieties is an 
important practice in maximizing water conservation in a lawn, therefore turfgrasses exhibiting 
superior drought resistance should be utilized in such efforts. 
Drought-resistance evaluations involve subjecting turfgrasses to some form of water 
stress, which is often carried out by subjecting turfgrasses to either acute or chronic drought 
conditions. Acute drought stress is defined as an environment in which no water is available to 
the turf for an extended period of time, whereas chronic drought stress is an extended period of 
time wherein stress from water deficits occur, but water is periodically available to sustain the 
turfgrass (Richardson et al., 2012). Chronic drought stress is typically imposed by means of 
using deficit irrigation, which refers to a fractional amount of irrigation made in response to a 
reference water use estimate, such as ET (Feldhake et al., 1984; Kneebone et al., 1992). Using 
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deficit irrigation is a beneficial practice in water conservation efforts, especially in instances 
where irrigation practices may be more regulated. Chronic drought stress may also be imposed 
by supplying a fixed volume of irrigation to the soil once the turfgrass drops below a specific 
percentage of green turfgrass coverage, wherein the volume may be lower, higher, or equal to 
the water loss through ET (Richardson et al., 2012). 
Knowing how much water to apply relative to turfgrass water use, is beneficial in terms 
of determining the turfgrass water requirement, and also in conserving water. While it may be 
difficult for a homeowner or consumer to quantify or understand the morphological and 
physiological drought resistance responses among turfgrasses, it is understood that 
environmental conditions greatly impact the turfgrass water use rate, or water requirement, as 
drought stress symptoms appear under decreased moisture availability. During the summer, ET 
rates increase as temperatures rise (≥ 30°C), day-lengths are longer, and precipitation may be 
less frequent or insufficient at replacing soil moisture lost via ET. Environmental factors, 
including solar radiation, temperature, relative humidity, wind, and soil moisture, influence 
turfgrass ET rates (Allen et al., 1998; Fry and Huang 2004; Huang, 2011; Kopp and Jiang, 
2013). Applying irrigation relative to these climatic parameters is often a useful strategy to meet 
the water requirements of turfgrass for a given species and in a given location. This is referred 
to as irrigation scheduling based on reference ET (ETo) (Allen et al., 1998; Leinauer and Devitt 
2013; Shearman, 2008). These climate parameters can be assessed and compiled in 
mathematical models or equations, such as the FAO Penman-Monteith equation (Allen et al., 
1998; Leinauer and Devitt 2013; Shearman 2008), to estimate the ETo or the water 
requirements of turfgrass. 
Turfgrass ET rates are often lower than estimated ETo values (Allen et al., 1998; 
Kneebone et al., 1992; Leinauer and Devitt 2013), therefore to conserve water in irrigation 
scheduling, crop coefficients (Kc) are utilized to more closely match turfgrass water 
requirements and to conserve water. Crop coefficients are defined as the ratio of actual crop 
10 
evapotranspiration (ETa) to ETo, representing a percentage of the reference value, and can 
depend on parameters such as ET referenced (i.e. mathematical model utilized), quality 
expectations, season, turfgrass species, maintenance factors, and climate conditions (Allen et 
al., 1998; Kneebone et al., 1992; Leinauer and Green, 2011). Previous research suggests Kc 
values of 0.8 for cool-season turfgrasses and 0.7 for warm-season species (Devitt and Morris, 
2008; Meyer et al., 1985), however, Kc values can vary with respect to species, variety, cultural 
management factors, and desired performance attributes. Multiplying the ETo by the Kc results in 
a crop evapotranspiration estimate (ETc) wherein irrigation volume is based upon a specific 
turfgrass species Kc value and ETo, therein applying water at less than 100% ETo (Allen et al., 
1998). 
Research reported that turfgrasses are not required to be irrigated at 100% ETo to 
maintain acceptable visual quality and is referred to as deficit irrigation. Utilizing deficit irrigation 
is similar to imposing chronic drought stress upon the turfgrass. A study by Gibeault et al. 
(1985), reported minimal decline in quality irrigating cool-season turfgrasses at 80% ETo, and 
warm-season turfgrasses maintained acceptable quality irrigated at 60% ETo. Fu et al. (2004), 
reported TF and bermudagrass irrigated twice weekly at 40% ETa, determined through weighing 
lysimeters, throughout the summer resulted in only very short time periods where turf declined 
below minimal acceptable quality, and irrigating at 60% ETa resulted in season-long acceptable 
turf quality. Feldhake et al. (1984), reported only a 10% reduction in quality using an irrigation 
deficit of 27% ETa on TF and Kentucky bluegrass (Poa pratensis L.; KBG), and mowing height 
and nitrogen fertility also impacted the quality response of these species under the deficit 
irrigation regime. Marchione (2004), reported weekly irrigation at a minimum of 80% ETo was 
required to maintain TF at acceptable quality during an abnormally dry summer in southern Italy. 
Cereti et al. (2009), reported irrigating bermudagrass and TF at 60% ETo twice per week were 
not significantly different in visual quality than turf irrigated at 40% ETo daily. Under chronic 
drought stress in Dallas, TX, Qian and Engelke (1999), reported TF required 67% of open pan 
11 
ET to maintain acceptable quality compared to buffalograss (Buchloe dactyloides (Nutt.) 
Engelm.), bermudagrass, and St. Augustine (Stenotaphrum secundatum (Walt.) Kuntze), three 
warm-season turfgrasses, which required 26, 35, and 44% open pan ET, respectively. Fry and 
Butler, (1989), reported minimal reductions in turfgrass quality were observed in TF irrigated at 
50% ETa every two days. Bremer et al. (2006), compared TF, KBG, and hybrid bluegrass (Poa 
pratensis L. × Poa arachnifera Torr.), using an irrigation schedule of 60% ETo twice weekly, or 
irrigation by exposure to natural precipitation only. Regardless of chronic drought stress, TF 
maintained acceptable turf quality throughout the trial, hybrid bluegrass declined below 
acceptable quality under both irrigation regimes, and KBG only declined below acceptable 
quality in the natural precipitation irrigation regime (Bremer et al., 2006). Fu et al. (2007), 
reported TF was able to maintain acceptable turfgrass quality irrigated at 60% ETo during the 
summer. Deficit irrigation is a practical tool to conserve water in turfgrass lawns, but the 
acceptable deficit level can be dependent on turfgrass species utilized and will ultimately 
depend on performance or quality expectations of the homeowner or turfgrass manager. 
Kentucky bluegrass and tall fescue are cool-season turfgrass species utilized in 
turfgrass lawns. Numerous studies have intraspecifically compared KBG and TF under various 
drought stress regimes using acute or chronic drought stress (Carrow, 1996; Ebdon and Kopp, 
2004; Fu and Huang, 2004; Huang and Gao, 2000, Goldsby et al., 2015; Karcher et al., 2008; 
Lewis et al., 2012; Richardson et al., 2008; Sun et al., 2013). In all studies, considerable 
variation in drought resistance and water use were observed, which suggests genetic variation 
is available to improve turfgrass water use and drought resistance of these species. Many other 
intraspecific studies within KBG and TF have been conducted and are discussed in subsequent 
chapters of this work. In terms of water conservation efforts, it is important to recognize the well-
documented intraspecific differences in drought resistance within varieties of KBG and TF. 
Furthermore these previous studies should serve to reinforce that proper variety selection could 
greatly contribute to reducing water use while maintaining the lawn at acceptable quality. 
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 The goal of water conservation efforts in urban landscapes is to apply water more 
closely with the landscape water requirements while meeting the quality of the end user (Devitt 
and Morris, 2008). Throughout the United States, a small number of major turfgrass species are 
extensively utilized in urban landscapes, however the number of ornamental species can 
exceed several thousand (Beard, 1993; Devitt and Morris, 2008). Beard (1993) notes: “the 
major grasslands of the world are found primarily in semi-arid areas regions and areas receiving 
lower rainfall, while forested areas are primarily located in humid regions receiving much higher 
amounts of precipitation.” As previous research has investigated the water use of turfgrasses, 
far less is currently understood about the water requirements of ornamental plants, trees, and 
their combination, which are frequently substituted into the lawn or landscape when turfgrasses 
are removed (Beard, 1993; Devitt and Morris, 2008). Homeowners and municipal water 
authorities are potentially misinformed in thinking turfgrasses must remain green throughout the 
summer to be healthy or stay alive. Perennial turfgrasses stop growing and enter dormancy 
upon the onset of summer drought stress, turning a brown or straw color, but they readily 
resume their green color once rainfall resumes or irrigation is applied; whereas it has been 
observed that deciduous trees drop their leaves during drought stress, leaving only a brown 
color (Beard, 1993; Huang, 2008). Therefore, it is important to understand the differences in the 
water requirement(s) of turfgrasses compared to other landscape plant species. 
 Previous studies have examined turfgrasses compared to other landscape plants under 
various irrigation regimes. Domenghini, et al. (2013) evaluated the performance of Kentucky 
bluegrass and eight herbaceous landscape species during a severe dry down and subsequent 
recovery in the greenhouse. Kentucky bluegrass declined in quality to a rating of 1.0 
(dead/dormant) in 52 days, which was also observed with three of the eight landscape species 
tested; however, during subsequent recovery following 60 days of irrigation, KBG was among 
only three species to recover from rewatering, and at the end of the 60 days had the greatest 
coverage compared to the other two plant species. Staats and Klett (1995), also compared KBG 
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to three non-turf groundcovers (Potentilla tabernaemontani Asch., Sedum acre L., and 
Cerastium tomentosum L.) when subjected to various deficit-irrigation levels in the field. They 
observed optimum irrigation for KBG was irrigation at 50% ETo whereas Cerastium required 
irrigation at 50-70% ETo to maintain optimum quality and Potentilla required irrigation at 75% 
ETo. Misconceptions about turfgrass water requirements, and the results of these interspecific 
studies of landscape plants demonstrate the general public’s lack of understanding of water 
requirements for turfgrasses and also shows their potential lack of knowledge of the benefits of 
turfgrasses when they desire to remove turfgrass from the landscape to reduce water use. 
Beard (1993), suggests it is a human factor that contributes the most to the wasting of water 
through improper irrigation practices, rather than any one group of landscape plants. 
 Perhaps the greatest challenge towards effectively reducing water use in turfgrass lawns 
is actually the general public themselves. Homeowners, commercial consumers, and perhaps 
even some turfgrass managers, are often unaware of actual turfgrass water requirements, and 
furthermore unaware of how much water is applied during a scheduled irrigation event. A study 
by Bremer et al. (2012), observed that homeowners with automatic irrigation systems watered 
more frequently than those without, with 67-90% of homeowners with irrigation systems 
watering two to three times each week compared to only 19-31% of non-automatic-irrigation-
system homeowners irrigating at that same frequency. Additionally, homeowners with irrigation 
systems routinely applied the same amount of water each time, compared to without automatic 
irrigation, who adjusted their irrigation volume based upon visual lawn symptoms. Each 
surveyed group claimed to know how much water their lawn required, but across both groups 
65-95% did not know how much water they actually applied during an irrigation cycle (Bremer et 
al., 2012). A similar study by Bremer et al. (2013), observed that 45-60% of homeowners 
indicated it was moderately to very important their lawn looked green all the time, while 65-77% 
ranked water conservation at the same importance. They also reported that 61-63% of 
homeowners did not know how much water their lawn required and 71-77% did not know how 
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much water they applied to their lawn when they irrigated (Bremer et al., 2013). Bremer et al. 
(2015), examined irrigation practices of homeowners based upon home value, home age, and 
lot size; their findings demonstrated that owners of more expensive and/or newer homes were 
more likely to have an irrigation system, water frequently, water on a routine schedule, and feel 
an importance in continually maintaining a green lawn. A study in Phoenix reported that 
homeowners with xeriscapes applied 30% more water than conventional mesic landscapes in 
the area (Vickers, 2001), which again emphasizes water-use and over-irrigating is a human 
issue and not necessarily a plant issue. The results of these studies demonstrate that 
unnecessary, or wasteful, water-use is a result of irresponsible irrigation practices of the 
homeowner. These results also demonstrate the necessity for proper, effective education 
towards homeowners, particularly those with automatic irrigation systems, in terms of 
responsible irrigation practices they can employ so water usage can be reduced. 
 The aforementioned research demonstrates homeowners are often unaware of how 
frequent or how much water they actually apply, practicing a “set and forget” behavior (Bremer 
et al., 2012). It is important, however, to examine the actual preferences of homeowner and 
end-user preferences who play a direct role in irresponsible irrigation practices in order to 
effectively reduce their water use while still maintaining turf at their desired aesthetics. A survey 
across five states showed among 1,179 household consumers that out of five attributes 
(maintenance cost, purchase price, drought, shade, and saline tolerance), the most preferred 
attribute of turf is a maintenance cost and the second most important was drought tolerance 
(Ghimire et al., 2016). Yue et al. (2012) reported low-input maintenance attributes of turfgrasses 
significantly affect consumer demand, with turfgrass irrigation requirements being the most 
influential maintenance attribute (compared to price, mowing and fertilizer requirements, shade 
adaptation, and origin). Their results reported consumers were willing to pay the highest 
premium for turfgrasses with a low irrigation requirement and a majority of consumers 
associated water conservation practices with cost-savings, and environmental concerns. Hugie 
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et al. (2012), reported that when it comes to selecting turfgrasses for the home lawn, consumers 
consider turfgrass irrigation requirements to be the most important attribute over eight other 
attributes and characteristics including color, mowing requirement, and price. The results of 
these studies indicate that the public does have some general desire to conserve water, 
whether or not they are actually practicing it at the moment, and therefore educating them of 
recommended best management practices (BMPs) for water conservation is important. 
 An extensive review of previous research examined whether turfgrass can be 
maintained to customer’s satisfaction using less water (Carrow, 2006). In summary, the use of 
science-based, holistic, site-specific BMPs for water conservation was suggested to effectively 
reduce water use without adversely affecting turfgrass performance. These recommended 
BMPs included: improving landscape designs without compromising, or removing benefits of 
turfgrasses (which could be met by utilizing previously identified drought-resistant turfgrass 
varieties), and improving irrigation systems and irrigation scheduling using controllers with 
advanced software and integrated sensor technology to provide real-time environmental 
information to adjust scheduled irrigation programs. Additional conservation strategies included: 
adjusting cultural management practices which favor turfgrass water-use efficiency; and 
establishing and maximizing educational efforts by turfgrass extension specialists and research 
scientists so that municipal water management authorities, turfgrass managers, and the general 
public would have immediate access to learning and implementing these BMPs. 
 Recent advancements in technologies such as smart controllers (i.e., ET- or weather 
based), and soil moisture sensors have brought the “smart” moisture- or climatological-
monitoring capabilities already utilized in high-end irrigation systems (e.g., production 
agriculture, golf courses, etc.) to the residential and commercial sector in managed turf 
(Gelernter et al., 2015; Huck and Zoldoske, 2008; Leinauer and Devitt, 2013). These improved 
technologies can contribute toward the recommended water conservation BMPs (Carrow, 2006) 
by means of improving irrigation scheduling and making irrigation systems more efficient and 
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essentially taking the irrigation scheduling out the hands of homeowners. Improved irrigation 
technologies that are becoming more widely utilized in automated irrigation systems in 
residential lawns, include rain sensors (RS), smart controllers, and soil moisture sensors (SMS). 
Utilizing such technologies could contribute to water conservation BMPs while maintaining a 
turfgrass lawn at an acceptable quality. 
 Rain sensors bypass scheduled irrigation based upon recent or significant rainfall. Some 
RS shutoff irrigation immediately upon wetting, therefore disregarding the amount of actual 
precipitation accrued. Other RS contain adjustable set points, or thresholds, typically ranging 
from 3 to 25 mm, wherein scheduled irrigation is bypassed once a specific amount of rainfall 
has occurred. Commonly used RS utilize hygroscopic cork discs which expand upon wetting, to 
triggering a signal to the irrigation timer to shutoff, or bypass the scheduled irrigation. The 
duration to which the irrigation timer remains in bypass-mode depends on the rate at which the 
cork discs dry-out. Most RS contain an adjustable ventilation window which is intended to the 
adjust rate at which the cork discs dry-out. Many states have RS statutes requiring a RS in 
landscapes and properties containing automatic irrigation systems, including: Connecticut, 
Florida, Minnesota, New Jersey, and Texas. There are also cities and municipalities in 
California, Georgia, Kansas, New York, North Carolina, South Dakota, and Texas that have RS 
ordinances (Meeks et al., 2012). 
Studies have reported significant reductions in water usage of 7-34% when an 
automated irrigation system had a RS compared to systems without a RS. (Cardenas-Lailhacar 
et al., 2008; Cardenas-Lailhacar et al., 2010; Davis et al., 2009; McCready et al., 2009). Much of 
this previous research investigating RS has been conducted in Florida, a warm, tropical 
environment containing sandy, coarse-textured soils. It would be of value to investigate the 
water-saving potential of RS in other environments, such as a humid transition zone 
environment. 
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Smart controllers such as ET controllers (i.e., evapotranspiration, or weather-based 
controllers) utilize on-site, local, or regional climate data to modify irrigation programs by 
adjusting the scheduled runtimes. These controllers typically have a higher purchasing cost than 
RS and SMS, however they have demonstrated greater reductions in water usage than RS 
(Davis et al., 2009) and therefore have the potential to save more money in the long term. 
Evapotranspiration controllers connect to local or regional weather stations to obtain 
climatological data to adjust scheduled irrigation, or historical weather data is directly 
programmed into the controller (Davis and Dukes, 2014; Vick et al., 2017). Some ET controllers 
work with a manufacturer’s weather station which comes with the controller, or can be 
purchased as an add-on device. Some of the limitations of smart controllers are the purchasing 
costs, the requirement for continual access to Wi-Fi, and the distance from the nearest 
compatible weather station (Vick et al., 2017); wherein the latter two concerns could greatly 
influence the effectiveness of the smart controller’s water conservation potential and / or effect 
on turfgrass aesthetics. In some cases they have applied more water than controllers with SMS 
(Grabow et al., 2009; Nautiyal et al., 2015), and even regular time-based (i.e. no-sensor) 
irrigation systems (Grabow et al., 2013). Even though water savings have been observed using 
ET controllers, they are relatively newer technologies and their requirement for continuous 
access to Wi-Fi is a great limitation when conducting field research; therefore, these will not be 
discussed further, nor are they evaluated within the objectives of the following research.      
 Soil moisture sensors have been utilized in large-scale irrigation applications such as in 
agriculture, and also in high-maintenance turfgrass sites such as golf courses (Gelernter et al., 
2015; Huck and Zoldoske, 2008; Leinauer and Devitt, 2013), but are becoming more available 
in terms of cost and adaptability for managed landscape turf. Soil moisture sensors monitor 
moisture in the turfgrass rootzone. Most SMS used in residential irrigation systems are designed 
to estimate soil moisture content based upon the dielectric constant (soil bulk permittivity) of the 
soil, which determines the velocity of an electromagnetic wave or pulse through the soil (Dukes 
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et al., 2015; Muñoz-Carpena, 2018). This dielectric constant represents the soil’s ability to 
transmit electricity; the dielectric constant increases in response to an increase in the soil’s 
moisture content, since the dielectric constant of liquid water is much greater than other soil 
components such as minerals or air, thus the soil bulk permittivity is largely governed by soil 
moisture (Blonquist et al., 2006; Dukes et al., 2015; Muñoz-Carpena, 2018). 
Two ways that SMS monitor and measure soil moisture content is by time-domain 
reflectometry (TDR) or time domain transmissometry (TDT) (Blonquist et al., 2006; Dukes et al., 
2015; Muñoz-Carpena, 2018). Soil moisture sensors that use TDR determine the soil bulk 
dielectric content by measuring the time required for an electromagnetic wave, or pulse, to 
travel along a transmission line, usually two or three metal rods, surrounded by the soil. As the 
electromagnetic pulse travels along the transmission line, part of the pulse is reflected whenever 
it finds a discontinuity, producing a change in the energy level of the transmission line, wherein 
the travel time is determined by analyzing the digital energy level (Dukes et al., 2015; Muñoz-
Carpena, 2018). Soil moisture sensors that utilize TDT use a similar measurement as TDR 
devices, however these sensors require an electrical connection at the beginning and end of the 
transmission line (i.e., a wave-form, or closed-loop design) (Blonquist et al., 2006; Muñoz-
Carpena, 2018). Further information regarding SMS utilizing TDR and TDT to measure soil 
moisture has been well described by Blonquist et al. (2006), Huck and Zoldoske (2008), 
Leinauer and Devitt (2013), Leinauer and Green (2011), and Muñoz-Carpena (2018). 
Since water is absorbed into the plant from the roots, continuously monitoring soil 
moisture in the turfgrass rootzone can provide an estimate of available water for plant uptake. 
Soil moisture sensors can serve as a more efficient, and economical method in improving 
irrigation scheduling and reducing unnecessary irrigation events. Studies have reported 
significant reductions in water usage with the use of SMS in automated irrigation systems 
compared to systems without a SMS. Reported water savings using SMS have ranged from -1 
to 92% depending upon SMS model, moisture threshold, irrigation schedule, and environmental 
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conditions (Cardenas-Lailhacar and Dukes, 2012; Cardenas-Lailhacar et al., 2008; Cardenas-
Lailhacar et al., 2010; Haley and Dukes; 2012; McCready et al., 2009). Much of this previous 
research investigating SMS has been conducted in Florida, a warm, tropical environment 
containing sandy, coarse-textured soils. It would be of further interest to investigate the water 
savings potential of SMS in a humid transition zone environment, containing finer textured soils, 
and their resultant effects on turfgrass aesthetics. 
 Properly educating homeowners on responsible, efficient irrigation practices is a very 
important component of water conservation efforts. St. Hilaire et al. (2008) reviewed areas 
wherein water use efficiency in residential urban landscapes could be improved. Their study 
evaluated the impacts of using of water-efficient plants and landscapes, improved irrigation 
technologies and sensors, and the reuse of water resources. They also investigated the 
effectiveness of current irrigation policies and ordinances, and associated economic and 
noneconomic incentives of water conservation efforts. Their findings suggested properly 
educating homeowners about efficient landscape irrigation practices and technologies, and 
using low-water-use landscape plants were areas in need of improvement in order to effectively 
improve water use efficiency in residential urban landscapes (St. Hilaire et al., 2008). They also 
suggested amending current ordinances and providing financial incentives for more efficient 
irrigation systems and utilizing low water-use plants could also contribute towards improving 
water use efficiency (St. Hilaire et al., 2008). A survey of Oklahoma City commercial businesses 
reported that under current water utility rates commercial businesses were unlikely to adopt 
irrigation conservation practices such as using soil moisture sensors, smart irrigation controllers, 
or even participate in a voluntary landscape irrigation assessment. However, when provided 
with information about future potential rate increases, a few of the participants indicated a 
willingness to adopt some of these conservation methods (Boyer et al., 2016). Hayden et al. 
(2015), reported the necessity of increasing public familiarity with water conservation BMPS, 
and also reported that landscape aesthetics is a significant driver of decision-making as people 
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who are informed about water conservation practices do not always choose to save water if it 
means compromising landscape aesthetics. 
  As previously noted, the use of turfgrass in the landscape is scrutinized by many as a 
water-wasting, input-demanding component of the landscape. Since managed turfgrass is 
primarily an urban crop, competing for water with other urban uses, it is often considered a 
luxury or non-essential component of the landscape. As such it is an easy target for water 
restrictions or removal altogether (Breuninger et al., 2013; Devitt and Morris, 2008; St. Hilaire et 
al., 2008). A study by Stoutenborough and Vedlitz (2014), observed that the general public is in 
greater favor of limiting water use in private and public lawns than conserving water in other 
areas, such as household, industrial, and agricultural use. One of the methods to conserve 
water use employed by local governments and municipalities, is by use of irrigation ordinances 
or restrictions which are intended to reduce water use in residential lawns (St. Hilaire et al., 
2008). Failure to comply with these restrictions and ordinances can result in citations and / or 
fines. 
The effectiveness of such policies, restrictions, and ordinances have been evaluated and 
as these watering restrictions are intended to limit the frequency of lawn irrigation, they do not 
always result in an actual decrease in water use. (Ozan and Alsharif, 2013; Sisser et al., 2016; 
Survis and Root 2012; Survis and Root, 2017). In various communities around Tampa, FL, 
Ozan and Alsharif (2013), observed water usage actually increased upon the change from a 
twice weekly irrigation allowance to a once a week irrigation restriction. The number of cited 
violators increased under the more stringent irrigation restriction, and their findings suggest that 
the watering behaviors of cited violators were not being affected enough to decrease water 
usage, suggesting this lack of behavior change could be attributed to the small fine for violating 
the watering policy (Ozan and Alsharif, 2013). Furthermore, while cities may institute irrigation 
restrictions, most cities do not have the financial or human resources required to effectively 
enforce the restrictions and prosecute all violators of a given ordinance (Ozan and Alsharif, 
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2013; Sisser et al., 2016). Sisser et al. (2016) observed in 17 cities in the Minneapolis-St. Paul 
metropolitan area that most municipalities have lawn irrigation restrictions but generally rely on 
complaints from neighbors to enforce such policies. They also observed a majority of 
homeowners were aware of the existence of lawn irrigation restrictions, but were not always 
aware of the appropriate ordinance relative to their community as well as if the restrictions were 
actually active or inactive. The authors suggest that even though an ordinance may exist, 
confusion and lack of awareness among homeowners can reduce the effectiveness of the 
ordinance and that proper, supportive programs and education is required to achieve water 
conservation sufficiently (Sisser et al., 2016). Survis and Root (2017) observed when 
households in neighborhoods under irrigation restrictions were also informed of recent rainfall 
totals they watered their lawns 61% less frequently than households with water restrictions 
alone; indicating this supplemental information (i.e., education), aided in effectively decreasing 
water use. 
 These issues and concerns surrounding current water conservation strategies in 
turfgrass lawns imply the necessity of additional research and evaluation of irrigation practices 
in efforts towards reducing water use. Homeowners appear to place a significant importance or 
preference on the water requirement of turfgrass and its aesthetics, but are unaware of how 
much water they apply and unaware of water conservation BMPs wherein they can reduce 
water use and still maintain their lawn at a desired aesthetic. Best management practices such 
as adjusting irrigation schedules are a well-intended, but currently ineffective objective of 
municipal watering ordinances and restrictions. The use of RS and newer SMS could potentially 
help in reducing water usage while keeping turfgrass lawns at desired levels of quality. 
Additional BMPs involve utilizing drought-resistant turfgrasses which require less water 
than other varieties to maintain acceptable quality; and in doing so would still provide the many 
environmental, aesthetic, functional, and recreational benefits of turfgrasses, while also 
reducing water use. While much previous research has investigated intra- and interspecific 
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aesthetic, morphological, and physiological differences in turfgrass water requirements and 
drought resistance mechanisms of cool-season turfgrasses, it remains important to further 
evaluate new, improved cultivars for their relative drought resistance. It would be beneficial to 
investigate their performance in areas, such as a humid climate in transition zone, where they 
could potentially remain at an acceptable visual quality under deficit irrigation during periods of 
drought and timely rain. It would also serve of great interest to evaluate a wide range of deficit-
irrigation levels between drought-resistant and drought-sensitive turfgrass varieties in order to 
determine to what degree water use could be reduced without compromising turfgrass quality.   
 An area where turfgrass water conservation practices have not been investigated very 
closely is during establishment from seed. While irrigation restrictions typically do not apply 
during the early part of a lawn establishment period (City of Edina, 2018; City of Andover, 2014; 
City of Fort Worth, 2014), it is unknown if, or how, potentially more stringent restrictions in the 
future, such as irrigation frequency, would affect the establishment of seeded turfgrass varieties. 
Previous studies have observed infrequent irrigation does not negatively affect turfgrass quality 
(Brown et al., 2004; Fry and Butler 1989; Fu et al., 2004; Richie et al., 2002) in turfgrasses at 
maturity. Additionally, studies in California and New Mexico have evaluated turfgrass 
establishment from seed using irrigation volumes replacing approximately 100% ETo or more, 
using saline or potable water in conventional sprinkler or sub-surface drip irrigation methods 
(Serena et al., 2012; Schiavon et al., 2012, 2013, 2015). It is currently unknown if turfgrasses 
can be established from seed at amounts < 100% ETo in a more humid environment like the 
transition zone. Current research-based recommendations for irrigation requirements during 
establishment are rather ambiguous (Landschoot, 2018; Patton and Boyd 2007; Patton et al., 
2008; Samples and Sorochan, 2007) and potentially more water is used than necessary. So 
there is a need to also investigate water requirements for seeding turfgrasses so that water 
usage could potentially be reduced further during turfgrass establishment. Therefore, in efforts 
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to improve upon previous research and current water conservation practices for irrigating 
turfgrass lawns, the objectives of the following research were as follows: 
 1) Evaluate the use of rain sensors and soil moisture sensors in a humid transition zone 
environment containing fine-textured soils. 
 2) Evaluate the effects of chronic drought stress between drought-resistant and drought-
sensitive varieties of tall fescue and Kentucky bluegrass in a humid, transition zone 
environment in the field. 
 3) Investigate the performance differences between a drought-sensitive and drought-
resistant Kentucky bluegrass cultivar when both are supplied with variable amounts of 
deficit irrigation. 
4) Evaluate the impact of irrigation frequency on the establishment of seeded cool-
season turfgrass varieties varying in drought resistance. 
5) Evaluate the impact of deficit irrigation during the first 28 days of establishment of 
seeded tall fescue cultivars varying in drought resistance. 
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Chapter II. Evaluation of Irrigation Sensors in Automatic Irrigation Systems for Turfgrass 
Lawns and their Potential Water Savings 
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ABSTRACT 
 Turfgrass lawns fall under much scrutiny as previous research has observed 
homeowners with automated irrigation systems water frequently and are often unaware of how 
often or how much water they apply. Rain sensors (RS) and soil moisture sensors (SMS) help 
reduce unnecessary irrigation by permitting scheduled irrigation to occur relative to recent 
rainfall or current soil moisture. Newer SMS are becoming available for residential irrigation 
systems in terms of their adaptability to existing irrigation systems and their purchasing price. It 
is currently unknown how RS and SMS would behave as add-on devices in irrigation system in 
a humid transition zone environment containing fine textured soils. A field study was conducted 
over three summer periods to evaluate RS and SMS in a bermudagrass (Cynodon dactylon L.) 
lawn for their water savings potential and their effects on lawn quality. An irrigation schedule 
was programmed to apply 12.7 mm of water twice a week for 17 weeks. Water usage and 
turfgrass quality under scheduled irrigation without a sensor was compared with two RS and two 
SMS models. During the three year study, RS reduced annual water use by 22.5% on average, 
whereas SMS reduced annual water use by 66.6% on average. All treatments exhibited similar 
turfgrass quality and none fell below minimum levels of acceptable quality. A hypothetical return 
on investment suggests that both sensors types would provide a full return on investment in the 
first year of installation. Using RS and SMS in lawns in humid environments receiving timely 
rains could lead to significantly reducing water use without sacrificing turfgrass lawn quality.  
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INTRODUCTION 
 As urbanization increases (United States Census Bureau, 2016; Alig et al., 2004), 
demand for freshwater resources also increases. Consequentially, municipalities and water 
authorities are often forced to investigate strategies to conserve water. In some areas of the 
country, turfgrass lawns are scrutinized as water-wasting components of the landscape, 
particularly those with automated irrigation systems (Devitt and Morris, 2008). As a result, some 
towns and cities offer rebates for lawn removal in order to reduce water consumption (Devitt and 
Morris, 2008; Fender, 2008). Research has documented that homeowners with automated 
irrigation systems water much more frequently, often applying water at unknown amounts, often 
practicing a “set and forget” mindset when it comes to their irrigation programs. (Bremer et al., 
2012, 2013, 2015). In an extensive review of previous water conservation research, Carrow 
(2006) asked, “Can we maintain turf to homeowners’ satisfaction using less water?” wherein 
solutions were summarized as using a site-specific, holistic-approach encompassing best 
management practices (BMPs) for turfgrass water conservation. Two of the recommended 
BMPs included improving irrigation system design and improving irrigation scheduling. These 
two specific BMPs can be implemented by the utilization of irrigation sensor technologies such 
as rain sensors (RS) and soil moisture sensors (SMS) which can be added on to existing 
irrigation systems. 
Many municipalities, and even some states, already have RS ordinances requiring 
homes with automated irrigation systems to utilize a RS in their irrigation system (Dukes and 
Haman, 2017; Finch, 2008). Rain sensors bypass, scheduled irrigation after a certain amount of 
rainfall has occurred. Most RS work with widely-used residential irrigation controllers as they are 
wired into RS ports of an irrigation controller, or can be hardwired into the controller by wiring 
the RS in conjunction with the common wire. Popular RS models utilize hygroscopic cork disks 
and are available as wired and wireless models (Dukes and Haman, 2017). These hygroscopic 
disks expand upon wetting, expanding proportionally to the rainfall amount, triggering a signal to 
37 
the irrigation controller to bypass the scheduled irrigation (Dukes and Haman, 2017). The 
degree to which the disks expand can be adjusted on the RS, depending on the model, 
representing a rainfall threshold at which scheduled irrigation will be bypassed. The duration at 
which the disks remain swollen controls the amount of time the controller remains in bypass 
mode. After rainfall has ceased, the disks begin to dry-out, contracting to their original size 
allowing the next programmed irrigation event to occur. The duration to which this dry-out period 
lasts can be adjusted by a ventilation ring surrounding a dry-out window on the RS. The more 
the ring closes this window, a longer period is required for the disks to dry-out and resume 
scheduled irrigation events. 
There have been some concerns with the long-term accuracy and reliability of RS to 
bypass scheduled irrigation (Cardenas-Lailhacar and Dukes, 2008; Cardenas-Lailhacar et al., 
2009; Meeks et al., 2012). Cardenas-Lailhacar and Dukes (2008) evaluated RS for their 
accuracy, water savings and payback period. They observed that all RS responded closely to 
their bypass set-point and the frequency in which they bypassed irrigation was inversely 
proportional to the bypass threshold magnitude, with the resulting water savings following a 
similar trend. Depending on the bypass threshold, (3, 6, or 15 mm), the accuracy of the RS to 
bypass-scheduled irrigation ranged from 30 to 70% (Cardenas et al., 2009). They also observed 
that for the cost of irrigation in their testing area, when the RS bypass threshold was set ≤ 13 
mm (0.5 in) the return on investment was less than a year (Cardenas-Lailhacar and Dukes, 
2008). Meeks et al. (2012) examined the accuracy of RS to bypass scheduled irrigation among 
various RS models and threshold settings. Depending on model and threshold, they observed 
accuracy ranging from 27% to 97%, with RS containing newer expanding-disk hygroscopic 
material resulting in a more accurate response than older RS models. They suggested for more 
consistent and greater water savings, RS should be replaced every one to three years, 
depending on model and bypass-threshold in applications, which require more consistent 
accuracy (≥ 70%) (Meeks et al., 2012). 
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The use of SMS in irrigation systems is not a new practice, as they are already prevalent 
in large-scale irrigation systems such as agriculture production systems and golf courses 
(Gelernter et al., 2015; Huck and Zoldoske, 2008; Leinauer and Devitt, 2013). Recently they 
have become more available for residential and commercial lawns and landscapes as 
purchasing and installation costs have decreased and general maintenance requirements have 
improved or been adjusted for a residential landscape situation (Huck and Zoldoske, 2008). 
Some irrigation controllers currently used in residential irrigation systems are considered SMS 
controllers, or SMART controllers (Irrigation.org; Huck and Zoldoske, 2008) wherein they are 
specifically designed and / or purposed to work with an SMS, however these can be very 
technical and less user-friendly in terms of their maintenance and operation, and also much 
more expensive than commonly used residential irrigation controllers. However, SMS 
themselves are becoming more residentially available in terms of their affordability by a 
homeowner and their adaptability to existing residential irrigation timers, being produced and 
sold as an add-on device to make the existing irrigation controller “smart”. 
Most SMS used in residential irrigation systems are designed to estimate soil moisture 
content based upon the dielectric constant (soil bulk permittivity) of the soil, which determines 
the velocity of an electromagnetic wave or pulse through the soil (Dukes et al., 2015; Muñoz-
Carpena, 2018). This dielectric constant represents the soil’s ability to transmit electricity. The 
dielectric constant increases in response to an increase in the soil’s moisture content, since the 
dielectric constant of liquid water is much greater than other soil components such as minerals 
or air. As such, the soil bulk permittivity is largely governed by soil moisture (Blonquist et al., 
2006; Dukes et al., 2015; Muñoz-Carpena, 2018). Two ways that SMS measure soil moisture 
content is by time-domain reflectometry (TDR) or time domain transmissometry (TDT) 
(Blonquist et al., 2006; Dukes et al., 2015; Muñoz-Carpena, 2018). Soil moisture sensors that 
use TDR determine the soil bulk dielectric content by measuring the time required for an 
electromagnetic wave, or pulse, to travel along a transmission line, usually two or three metal 
39 
rods, surrounded by the soil. As the electromagnetic pulse travels along the transmission line, 
part of the pulse is reflected whenever it finds a discontinuity, producing a change in the energy 
level of the transmission line, wherein the travel time is determined by analyzing the digital 
energy level (Muñoz-Carpena, 2018). Soil moisture sensors that utilize TDT use a similar 
measurement as TDR devices, however these sensors require an electrical connection at the 
beginning and end of the transmission line (i.e., a wave-form, or closed-loop design) (Blonquist 
et al., 2006; Muñoz-Carpena, 2018). Further information regarding SMS utilizing TDR and TDT 
to measure soil moisture has been previously well-described (Blonquist et al., 2006; Huck and 
Zoldoske, 2008; Leinauer and Devitt, 2013; Leinauer and Green, 2011; Muñoz-Carpena, 2018). 
Residential SMS continuously monitor the soil moisture content and bypass scheduled 
irrigation if the current soil moisture content is above a calibrated threshold. The soil moisture 
content threshold can be self-calibrated by the SMS, and can also be adjusted (i.e., raised or 
lowered) by the user depending on desired turfgrass aesthetics, water savings, or both. 
Residential SMS are available as wired or wireless models and come with a user interface that 
displays real-time estimates of soil moisture content and also, in some cases, soil temperature 
and soil electrical conductivity. The user-interface establishes communication between the SMS 
and the existing irrigation controller, and allows the user to adjust soil moisture content 
thresholds, if necessary. 
While specific installation procedures may differ between respective SMS devices, the 
general location where these residential SMS are installed in a lawn are are summarized by 
Dukes et al. (2015). General instructions require the sensor be installed in an area 
representative of the irrigated turfgrass area and typically in an area with full sun. The sensor 
needs to be installed in the turfgrass rootzone, generally within the 7.6 to 10.2-cm depth below 
the soil surface. The sensor probes must have good contact with the soil with minimal air-gaps 
that could potentially impact the sensor reading. Additional installation instructions include 
factors such as avoiding irrigation heads, downspouts, impervious surfaces, or in areas of high 
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traffic, or in a location above septic tanks or drainage field areas (Dukes et al., 2015). Once the 
SMS is installed and communication is established between the SMS, user-interface, and the 
existing irrigation timer, the SMS can be self-calibrated to a soil moisture content threshold that 
will be used to schedule future irrigation events. 
Previous research has been conducted evaluating RS and SMS in comparison to 
regularly scheduled irrigation (i.e., no sensor); with a majority of these studies being conducted 
in Florida, a warm, tropical environment containing sandy, coarse-textured soils. Cardenas-
Lailhacar and Dukes (2012), observed across three residential testing sites in Florida, SMS 
reduced water use by 42 to 72% (depending on location) during rainy periods and maintained 
good turfgrass quality; however, during dry periods the savings ranging from -1 to 64% with 
turfgrass quality sometimes declining below minimal levels of acceptable quality. Observed 
variation in water savings were a result of SMS model, particularly in their ability to consistently 
and precisely measure soil water content. Overall, they observed across the three locations an 
average of 65% water savings without compromising acceptable turfgrass quality. Under wet 
weather conditions Cardenas-Lailhacar et al. (2008), observed RS resulting in a 34% reduction 
in water use compared to normally scheduled irrigation, and water savings ranging from 69 to 
92% among SMS depending on the model and irrigation schedule. During their evaluation none 
of the treatments fell below a minimal level of acceptable turfgrass quality. A follow-up study 
during dry weather conditions (Cardenas-Lailhacar et al., 2010) observed similar results with RS 
resulting in water savings ranging from 13 to 24%, and water reductions from 16 to 83% using 
SMS, depending on the model and irrigation frequency, where all working sensor treatments 
resulted in above minimum acceptable turfgrass quality. 
Cardenas-Lailhacar and Dukes (2010) examined the differences in sensed moisture 
thresholds (i.e., self-calibrated) among four different SMS models and the number of scheduled 
irrigation events bypassed. They observed, on average, 71% of the scheduled irrigation events 
were bypassed, without negatively affecting turfgrass quality. They also observed differences 
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within and among the SMS models in terms of their range in self-calibrated moisture thresholds 
wherein sometimes SMS bypassed scheduled irrigation events and sometimes they did not, 
even when reading the same or a lower moisture content (Cardenas-Lailhacar and Dukes, 
2010). Grabow et al. (2009), observed that while there are differences between SMS replicates 
in terms of their self-calibrated moisture threshold, they are usually not significantly different 
from one another in regards to their ability to reduce water use or maintain acceptable turfgrass 
quality. 
McCready et al. (2009), evaluated RS and SMS for their water savings and turf quality 
using two RS thresholds (3 and 6 mm) and three SMS thresholds (7, 10, and 13% soil 
volumetric water content) compared to a regular time-based irrigation schedule. They observed 
reductions in irrigation ranging from 7 to 30% for RS, and 0 to 74% for SMS depending on the 
scheduled irrigation frequency and bypass threshold. The lower SMS thresholds resulted in 
higher water savings, but reduced turfgrass quality to below minimum levels of acceptable 
quality. Additionally, RS on a 1-day week per week schedule set at a bypass threshold of 3mm 
resulted in below-acceptable turfgrass quality. All other sensor treatments resulted in significant 
water savings and maintained acceptable turfgrass quality during the trial periods. They 
observed that proper installation and programming of each sensor was critical in achieving 
water conservation and maintaining acceptable turf quality (McCready et al., 2009). Davis et al. 
(2009) observed a water savings of 21% using a RS, compared to regular scheduled irrigation 
under historically dry conditions in southwest Florida. Haley and Dukes (2012), examined if the 
savings using SMS observed in plot studies could also be observed in homes in southwest 
Florida. Over a 26-month period, they observed that SMS bypassed irrigation events more 
frequently than RS treatments and the control (i.e., no sensor), resulting in a 65% reduction in 
water usage compared to homes without an add-on sensor, and the SMS treatments did not 
result in unacceptable turfgrass quality (Haley and Dukes, 2012). 
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A few studies evaluating SMS for their water savings potential have occurred in other 
parts of the country as well. In a review article of studies in Florida and North Carolina, Grabow 
et al. (2009), reported that in some instances SMS applied less water than irrigation systems 
containing ET controllers, while still maintaining turfgrass at an acceptable quality. In North 
Carolina, Grabow et al. (2013) observed in comparison to a regular time-based system, ET 
controllers actually used 11% more water, whereas the SMS reduced water use by 24 to 39%. 
Another study in North Carolina evaluated the effectiveness of SMS in residential locations and 
observed SMS reduced water use by 42% and did not differ in visual turfgrass quality or color 
from the regular time based treatment (Nautiyal et al., 2015). In North Logan, UT, an arid 
environment, Blonquist et al. (2006) observed 53% water savings using an SMS compared to a 
regular time-based irrigation schedule. Sevostianova et al. (2015), evaluated the capability of 
SMS to accurately measure soil moisture content among different soil textures and soil salinities 
in the laboratory, due to the commonly observed saline soil conditions in their area (New 
Mexico). They observed SMS reliably measured soil moisture in loamy sand and loam soils, at 
low salinity levels (< 12 dS m-1), however at higher soil salinities, recalibration was required to 
for the sensor to more accurately estimate soil moisture. These studies have demonstrated 
significant water savings using RS and SMS, with greater savings among SMS. It would be of 
great benefit to learn if newer SMS could result in similar water reductions, and if these savings 
could be observed in a humid, transition-zone environment in efforts to conserve water in 
turfgrass lawns in this type of environment. Additionally since the time of these previous studies, 
newer SMS have been manufactured but have not yet been investigated for their water savings. 
Potentially similar, or greater, water savings could be realized using new SMS in an 
environment with timely rains and lower evapotranspiration rates such as northwest Arkansas. 
These previous studies have documented significant water savings using RS and SMS 
in automated irrigation systems, both in field experiments, and in applied research within 
residential locations. Additionally, depending on SMS model, installation procedures, and 
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calibration settings, minimal to no decline in acceptable turfgrass quality have been observed as 
a result of reducing water use. A majority of these studies have been conducted in tropical 
climates and in coarse-textured soils, and evaluated older SMS models and / or utilized high-
end irrigation timers, such as smart controllers, which are already designed to work with 
irrigation sensors. Limited information exists in regards to the performance and potential water 
savings of existing and newer SMS models in fine-textured soils, particularly in a humid, 
transition zone environment, such as northwest Arkansas. In this study we tested the hypothesis 
that newer, residentially-available irrigation sensors would reduce water use in irrigation 
practices with minimal decline in lawn quality in a humid, transition-zone environment. The 
objectives of this research were as follows: 
1. Evaluate the use of rain sensors and soil moisture sensors in a humid transition zone 
environment containing fine-textured soils. 
2. Determine water savings using various RS and SMS devices and calculate the return 
on investment of these systems. 
 
MATERIALS AND METHODS 
Experimental area 
This experiment was conducted for three consecutive summer periods at the Arkansas 
Agricultural Research and Extension Center in Fayetteville, AR. Each trial ran for 17 weeks 
beginning 7 June, 5 June, and 4 June in 2015, 2016, and 2017, respectively. The entire 
experimental area was 314.0 m2 (19.8 x 15.8 m) in size. The experiment was conducted on an 
existing stand of common bermudagrass (Cynodon dactylon (L.)) managed as a lawn on a 
Captina silt loam (Typic Fragiudult) in 2015. On 13 May 2016, the existing common 
bermudagrass was removed from the experimental area and ‘U-3’ common bermudagrass sod 
was installed across the entire experimental area. Irrigation was applied over the entire 
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experimental area as needed, to allow the sod to be well established prior to the trial initiation 
on 5 June in 2016. 
The experimental area was mowed weekly at 5.1 cm using a rotary mower, and 
preventative weed control measures were applied in the spring and fall of each year. The 
experimental area was fertilized during the growing season according to recommended regional 
best management practices for bermudagrass lawn care (Patton and Boyd, 2008). A 46-0-0 
fertilizer (Thrive Branded Fertilizer Granular Urea, SGN:200-230, Mears Fertilizer Inc., El 
Dorado, KS), was applied at the rate of 49 kg N ha-1, beginning approximately three weeks after 
green-up in the spring (typically mid-May each trial year) and was repeated every four to six 
weeks with a final N fertilizer application in mid-September using a slow-release, polymer-
coated urea 30-0-10 fertilizer (Harrell’s Polyon Fertilizer, SGN: 200-240, Harrell’s LLC, 
Lakeland, FL) at the rate of 24.4 kg N ha-1. 
 
Irrigation treatments 
The irrigation treatments consisted of two RS treatments, two SMS treatments and no 
sensor (control treatment). An irrigation audit was conducted before each trial period, and each 
irrigation treatment was independently programmed to apply 12.7 mm water to a 13.4 m2 (3.7 x 
3.7 m) bermudagrass plot using four quarter-circle Hunter MP1000 MP Rotator nozzles (Hunter 
Industries Inc., San Marcos, CA) (Fig. 2-1). Automated irrigation was scheduled to run twice 
weekly, on Tuesday and Friday, applying a total of 25.4 mm water week-1. Each irrigation 
treatment replicate contained their own, separate irrigation controller (Fig. 2-2). On irrigation 
days, the SMS were programmed to run first, at 5:00am, followed by the RS treatments at 
6:00am, and the control treatments at 7:00am. This order was utilized, so as to not potentially 
indirectly influence the soil moisture reading of the SMS treatments at the time of scheduled 
irrigation (i.e., by drift, runoff, leaking irrigation heads). The irrigation sensors allowed the 
controller to remain in the run or active mode, but would bypass scheduled irrigation, depending 
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on rainfall or soil moisture, even though the controller remained in the run/active mode. Allowed 
or bypassed irrigation was verified on mornings of scheduled irrigation by viewing the irrigation 
timer of the RS, or by reading the screen of the user-interface of the SMS indicating whether or 
not scheduled irrigation had occurred. Additionally, 12.7-mm WM-PC water meters (Assured 
Automation, Roselle, NJ) were installed after each irrigation treatment valve and connected to a 
CR1000 datalogger (Campbell Scientific, Logan, UT) to also verify if scheduled irrigation had 
occurred. 
 
Rain sensor devices 
The RS units utilized in this experiment were the Hunter Mini-Clik rain sensor (Hunter 
Industries Inc., San Marcos, CA; HTRS), and the Rain Bird RSD-BEx (Rain Bird Corp., Azusa, 
CA; RBRS). Both RS were wired devices and contain a user-adjustable rainfall threshold. The 
RBRS was connected to RS ports of an outdoor rated Rain Bird ESP-ME irrigation controller, 
and the HTRS was connected to the RS ports of an outdoor rated Hunter X-Core controller. The 
RS were mounted to the top of posts which supported the board housing the irrigation 
controllers (Fig. 2-2) The RS were set to by-pass scheduled irrigation when rainfall was ≥ 3.2 
mm, and would leave the irrigation controller in bypass mode until the hygroscopic cork discs 
dried out which would then turn off the signal interrupting scheduled irrigation. Each RS had 
adjustable ventilation rings surrounding small openings on the sensor which allows the user to 
control the rate at which the RS dry-out. The ventilation rings of each RS were set to fully open, 
since that was the general recommendation specified by the RBRS manufacturer. The HTRS 
has no specified general default recommendation and therefore was set to match the RBRS. 
 
Soil moisture sensor devices 
The SMS evaluated in this study were the Toro Precision Soil Sensor (The Toro Co. 
Riverside, CA; TRSMS) (Fig. 2-3) and the Rain Bird SMRT-Y Soil Moisture Sensor (Rain Bird 
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Corp. Azusa, CA; RBSMS) (Fig. 2-4). The soil moisture sensors were calibrated using their 
respective manufacturer’s instructions, and each soil moisture sensor was calibrated 
independently. The calibration procedures followed for each SMS was the automatic moisture 
threshold method for the RBSMS and the manual calibration method for the TRSMS. Both of 
these calibration methods work very similarly and essentially involves the SMS attempt to 
determine the field capacity of the soil. 
The automatic moisture threshold calibration process for the RBSMS required 
completely installing the sensor within the plot, approximately 10.2 cm below the soil surface. 
Once installed, the SMS was wired to the user interface and the irrigation controller to establish 
communication. A 15-L volume of water was applied evenly over the area where the sensor was 
installed and the self-calibration process was run over the ensuing 24-hour period. The TRSMS 
calibration process worked similarly, with exception that the 15 L of water is poured over the 
area before installing the TRSMS and then 24 hours later the TRSMS was installed for self-
calibration. The RBSMS had a default soil moisture threshold at 80% of the “sensed” field 
capacity, and the TRSMS set its default soil moisture threshold halfway between the sensor’s 
field capacity and permanent wilting point of the soil. 
 
Experimental design and data analysis 
The five irrigation treatments were arranged in a randomized complete block design with 
four replications. A soil moisture characteristic curve was generated in order to determine the 
soil moisture characteristics of soil where the SMS were installed and to determine the 
relationship between soil moisture content and the soil’s water potential in those plots. To 
generate a soil moisture characteristic curve one soil sample was collected from the center of 
each experimental unit containing a soil moisture sensor, approximate with the location of where 
each SMS was installed. Soil samples from SMS plots containing the TRSMS were collected 
from the 0 to 12.7-cm depth using 5.0-cm diameter metal collars inside of a core chamber 
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attached to a slide hammer sampling probe. Soil samples from SMS plots containing the 
RBSMS were collected from the 6.4 to 11.4-cm depth using a 6.0-cm diameter metal collar. 
Four soil samples from each SMS treatment were collected in total. The eight soil samples were 
processed at the University of Arkansas Altheimer Laboratory to determine particle-size analysis 
(Huluka and Miller, 2014) and soil organic matter concentration (Zhang and Wang, 2014). The 
respective data from the analyses were then imported into the software program, Soil Water 
Characteristics (v. 6.02.74; USDA ARS, Pullman, WA), which required inputs of % sand, % clay, 
and organic matter concentration in order to estimate soil moisture characteristics and generate 
a soil moisture characteristic curve. 
Data were collected over an 18-day period in 2018 May to investigate the SMS readings 
in correlation with independent soil moisture readings. The TRSMS was compared with 
moisture readings using a FieldScout TDR 300 (Spectrum Technologies Inc., Aurora, IL) with 
12.0-cm rods attached. Four measurements, within 15.0 cm of the TRSMS, were collected and 
averaged together two times daily; readings were also obtained from the TRSMS and averaged 
at the time of measurement. The RBSMS was compared with moisture readings using a 
WaterScout SM 100 soil moisture sensor (Spectrum Technologies Inc., Aurora, IL) installed 
relative to the center of each plot, at 8.9 cm below, and parallel with, the soil surface. The 
WaterScout SM 100 was calibrated according to manufacturer’s instructions before each 
installation into the soil and a FieldScout soil sensor reader (Spectrum Technologies Inc., 
Aurora, IL.) was utilized to obtain the moisture readings. These independent measurements 
could only be obtained from two RBSMS experimental units at a time, so after the first nine days 
of data collection, the independent SMS were moved to the other two RBSMS experimental 
units which had not yet been evaluated. The measurements were collected and averaged 
together two times daily; readings were also obtained from the RBSMS and averaged at the 
time of measurement. Correlation analysis was conducted using the Proc Corr procedure in 
SAS v. 9.4 (SAS Institute, Cary, NC), and correlation coefficients were determined between 
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independent moisture readings, and differences in moisture content readings from one day to 
the next, within each SMS. 
Data were collected on turfgrass quality, turfgrass color, and water usage (i.e., 
scheduled irrigation events allowed), during each trial period. Turfgrass quality was visually 
rated on a 1 to 9 scale with 1 being brown, dead, 6 being acceptable, and 9 being excellent, 
according to the National Turfgrass Evaluation Program protocols (NTEP.org). Digital images 
were collected using a Canon PowerShot G1x digital camera (Canon U.S.A. Inc., Huntington, 
NY) and turfgrass color was evaluated objectively by means of digital image analysis (Karcher 
and Richardson 2013; Karcher and Richardson, 2003) using Turf Analyzer software 
(turfanalyzer.com; Karcher et al., 2017). Data were subjected to repeated measures analysis of 
variance using the Proc Mixed procedure in SAS v. 9.4 (SAS Institute, Cary, NC) using α = 0.05. 
Monthly treatment means were separated using Fisher’s protected least significant difference (P 
< 0.05). 
 
RESULTS AND DISCUSSION 
 Several rainfall events occurred during the three trial periods (Figs. 2-5, 2-6, and 2-7), 
which subsequently resulted in the irrigation sensors often bypassing the scheduled irrigation 
due to precipitation or current soil moisture at the time scheduled irrigation was programmed to 
run. This resulted in significant differences in water usage during each trial period. Captina silt 
loam soils are classified as being moderately well drained, with slow permeability (National 
Cooperative Soil Survey, 2008). A soil moisture characteristic curve (Fig. 2-8) described the 
relationship between soil moisture content and the soil water potential, and the soil hydraulic 
conductivity curve. Particle-size analysis and organic matter concentration were similar across 
all sensor treatments, even though respective SMS treatment samples were collected from 
different depth intervals; therefore data were averaged together (21.0% sand, 18.9% clay, 4.1% 
organic matter) for the analysis. From the software analysis, field capacity and permanent 
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wilting point were estimated to be at 33.2 and 14.0% volumetric water content, respectively, and 
the saturated hydraulic conductivity was predicted to be 22.0 mm h-1. 
 The 18-day period evaluating the TRSMS and the RBSMS with independent SMS 
resulted in significant p-values for measurements of soil moisture and day-to-day changes in 
soil moisture. The soil moisture readings of RBSMS and the WaterScout SM100 resulted in a 
significant correlation (p=0.0014) with a correlation coefficient of 0.71. The correlation of 
differences in day-to-day moisture content changes resulted in a significant correlation 
(p=<0.0001) and a correlation coefficient of 0.82. These results suggest strong, positive linear 
relationships between the RBSMS and the WaterScout SM100 in measuring real-time soil 
moisture and measuring day-to-day changes in soil moisture; suggesting the RBSMS, when 
properly installed and calibrated, following manufacturer’s recommendations, will provide 
accurate estimates of soil moisture content. The soil moisture readings of TRSMS and the 
FieldScout TDR 300 resulted in a correlation p-value of 0.0482 and a correlation coefficient of 
0.47 indicating a weak, positive linear relationship in soil moisture readings between the 
RBSMS and the WaterScout SM100. However, the correlation of differences in day-to-day 
moisture content changes resulted a correlation p-value of 0.0011 and a correlation coefficient 
of 0.72, indicating a strong positive relationship of measuring changes in soil moisture. These 
results suggest soil moisture readings of the TRSMS may be greatly influenced by factors such 
as air (pore) space, or soil salinity when obtaining a reading. Additionally, the automated-
calibration procedure be more sensitive to changes in soil moisture during the calibration 
process. It should be noted that even though the soil moisture readings of the TRSMS and the 
FieldScout TDR 300 were not strongly correlated, the TRSMS measured day-to-day changes in 
soil moisture similar to those independently measured using the FieldScout TDR 300. 
Visual ratings of turfgrass quality were recorded weekly, to assess the effect of 
bypassed-irrigation on turfgrass aesthetics. Throughout the duration of each trial period visual 
turfgrass quality did not significantly differ between sensor treatments (Tables 2-1, 2-2), nor did 
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any of the treatments fall below minimum acceptable level at any time (Table 2-2). This may 
have possibly been a result of frequent or high-volume rainfall events, since the soil moisture 
was regularly sufficient for maintaining the bermudagrass at above acceptable aesthetic quality. 
Objectively quantifying turfgrass color using digital image analysis also resulted in no significant 
differences between sensor treatments during each month (Table 2-3). Bermudagrass is one of 
the more drought-resistant turfgrass species (Beard, 1989) and in following the regional 
bermudagrass lawn-care recommendations for fertility (Patton and Boyd, 2007), frequent 
applications of N fertilizer (every four to six weeks, May to September), may have potentially 
greatly influenced the turfgrass aesthetics. Additionally, the frequent number of rainfall events 
occurring during each trial period (Figs. 2-5, 2-6, and 2-7) likely resulted in minimal time periods 
when the bermudagrass experienced any drought stress. 
 Significant interaction effects between irrigation sensor and month were observed in 
regards to water usage (Table 2-4) in all three trial years. During each trial period variation in 
month-to-month water usage within the control treatment was expected considering each month 
contained a different number of Tuesdays and Fridays, and therein a different number of 
scheduled irrigation events (Table 2-5). In each trial year, the control treatment had 34 irrigation 
events scheduled during the 17 week evaluation period, with each scheduled event 
programmed to apply 12.7 mm irrigation. 
 In all trials, irrigation sensor treatments applied significantly less water than the no-
sensor control (Table 2-5). The RS treatments had more water applied during each month 
compared to the SMS treatments (Table 2-5). The two RS treatments behaved similar to one 
another during each month in terms of the number of scheduled irrigation events they bypassed 
except during the month of August in 2016 and 2017, where significantly less water was applied 
under the HTRS treatment. There were significant differences in water usage within each month 
among the RS treatments compared to the control during each trial period, with the exception of 
June, August, and September in 2015 when RS treatments applied equal or statistically similar 
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amounts of water as the control. On average, the RBSMS applied less water during each month 
than the TRSMS, with the exception of June 2016 when TRSMS applied less water than 
RBSMS, and during July and September of 2015 and July 2016 where these SMS applied 
statistically similar amounts of irrigation (Table 2-5). 
  Among the irrigation sensor treatments, RS treatments reduced water relative to the no-
sensor control; however, SMS treatments resulted in the greatest water savings each year 
(Table 2-5). During the 2015 trial period, RS treatments bypassed five scheduled irrigation 
events, reducing water use by 14.7, 33.7, and 10.0% in June, July, and September, respectively 
(Table 2-5). The HTRS and the RBRS bypassed nine and eight scheduled irrigation events on 
average, respectively, during 2016 and 2017. In 2016 the RS treatments reduced water use by 
14.7% in June and 33.7 % in July and September (Table 2-5). During 2017, RS treatments 
reduced water use by 25.4% in June and July, and 11.1% in Sept. (Table 2-5) The HTRS 
reduced water use by 22.2 and 47.5% in August of 2016 and 2017, respectively; whereas 
during those same periods, the RBRS reduced water use by 17.1 and 39.3%, respectively 
(Table 2-5). Overall, average water reductions of 21.9 and 23.0% were observed across the 
three trial years under the RBRS and HTRS, respectively. Numeric differences in water savings 
between the RBRS and HTRS may be indicative of RS sensitivity or decreasing reliability over 
time, as observed in previous research (Cardenas-Lailhacar et al., 2009; Meeks et al., 2012). 
The RS were mounted at the top of a wooden post, approximately 3.0 m above ground, with no 
surrounding obstructions blocking air movement or direct solar radiation (Fig. 2-2). Perhaps if 
the ventilation rings surrounding the dry-out windows were set to closed then greater water 
savings would have been observed under the RS treatments. 
The SMS treatments resulted in significantly greater water savings each month, and 
overall each year (Table 2-5). The TRSMS bypassed 21, 20, and 21 scheduled irrigation events 
on average in 2015, 2016, and 2017, respectively. Monthly water savings using the TRSMS 
ranged from 43.9 to 75.2% throughout the three trial periods (Table 2-5). The RBSMS bypassed 
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25, 22, and 26 scheduled irrigation events on average in 2015, 2016, and 2017, respectively. 
The RBSMS monthly water reductions ranged from 43.2 to 87.6% throughout the three trial 
years (Table 2-5). Overall, average water reductions of 61.2 and 72.0% were observed across 
the three trial years under the TRSMS and RBSMS treatments, respectively. 
Significantly greater water savings observed using the RBSMS compared to the TRSMS 
could potentially be attributed to the following observations. The TRSMS allows watering once 
the moisture reading falls below 50, which represents the halfway point between the calibrated 
field capacity and permanent wilting point (J. Zimmerman, personal communication, The Toro 
Company, 2015). However, scheduled irrigation is permitted to run until the moisture level 
reading rises to ≥ 90 (J. Zimmerman, personal communication, The Toro Company, 2015). 
Once the moisture level reaches ≥ 90, scheduled irrigation is by-passed until the reading falls 
below 50 again. It is important to note this “upper bypass-threshold” is not disclosed in the quick 
start guide that comes with the sensor, nor is it mentioned in the user’s guide on the 
manufacturer’s product website. Another potential reason for significant differences in water 
savings is the orientation differences between the TRSMS and RBSMS once installed in the 
soil. The 12.7-cm probes of the TRSMS are oriented vertically, therefore monitoring soil 
moisture across the 0 to 12.7-cm depth interval (Fig. 2-3). The RBSMS is installed horizontally 
approximately 10.2 cm below the soil surface, monitoring average soil moisture at the 10.2-cm 
depth (Fig 2-4). Though the measurements of reading soil moisture are very similar between the 
two SMS (TDT vs TDR), the orientation differences between the SMS, once installed, could 
influence observed differences of the calculated soil moisture. 
While overall water savings associated with the RS were not as significant as the SMS, 
both RS treatments resulted in significant overall water savings compared to the control. As 
turfgrass managers and homeowners face future challenges associated with water use and as 
competition for freshwater resources increase, it is imperative that technologies such as RS and 
particularly SMS be utilized in lawns with automated irrigation systems. Adoption and selection 
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of irrigation sensor technologies may potentially be met with reservation in terms of perceived 
costs and / or associated installation and maintenance requirements. Suh et al. (2017), 
observed homeowners’ knowledge about irrigation systems and residential landscaping were 
positively correlated with purchase likelihood of smart irrigation controllers. Additionally, 
homeowner perceptions about water conservation efforts, water restrictions and their neighbors’ 
irrigation habits all increased the likelihood of adoption of smart irrigation controllers. A study 
evaluating the adoption of water conservation practices among households in Oklahoma City 
observed the size of the yard does not affect the adoption of water conservation behaviors, 
however, they did observe households with a bermudagrass lawn were more likely to adopt 
water conservation behaviors such as implementing soil moisture sensors (Boyer et al., 2015). 
Additionally, higher income households (annual income > US$75,000) were more likely to adopt 
water conservation practices compared to households making less than $40,000 (Boyer et al., 
2015). 
Concerns regarding the purchase and maintenance costs are reasonable whenever 
considering investing in new technology, however Davis and Dukes (2015) observed significant 
reductions in water usage using different SMART controllers (ET and SMS controllers), with 
payback periods ranging from 14 to 27 months. As the RS and SMS act as add-on devices to 
existing residential irrigation controllers, it was of interest to examine the potential return on 
investment (ROI) a homeowner in this region with an average sized turfgrass lawn (0.10 ha; 
Lawninstitute.org) could have realized during the same 17 weeks of the summer. Simulating the 
average annual water savings observed over the three trial periods, on a 0.10-ha lawn within 
Fayetteville, AR, the potential ROI is immediate over the 17-week period with an average ROI of 
$76 and $162 during that time using a RS or a SMS, respectively (Table 2-6). 
The irrigation sensors utilized in this research are designed to work with popular 
residential irrigation controller models, therein acting as “add-on” devices that can be easily 
installed to existing residential irrigation timers. Installation procedures do not require the 
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necessity of a trained or certified landscape contractor or irrigation technician, requiring very 
little labor overall. More labor is required when installing the RBSMS in terms of removing the 
sod and installing the RBSMS horizontally within the turfgrass rootzone. In addition, labor is 
required to trench the wires from the RBSMS to the existing solenoid valve of the irrigated zone 
and from the solenoid to the user interface component that establishes and maintains 
communication between the irrigation timer and the RBSMS. The amount of trenching required 
would be dependent on the distance between the installation location of the SMS and the 
irrigation valve, and also the distance between the valve and the irrigation controller. The 
TRSMS requires much less labor to install since it is a wireless device and requires no digging. 
However, the necessity to monitor and periodically change out the sensors batteries is one 
potential disadvantage of the TRSMS. However, a battery strength indicator is present on the 
user interface of the TRSMS to help with this potential issue. 
Using these SMS would potentially help homeowners and consumers save water while 
maintaining their turfgrass lawn at an acceptable quality, particularly those homeowners who 
practice a “set-and-forget” behavior when it comes to adjusting their irrigation programs. One 
advantage of these SMS is that the self-calibrated soil moisture threshold can be increased or 
decreased, potentially allowing even more water to be saved. However, the resulting effects of 
reducing unnecessary irrigation and water-use has not always been observed when a SMS is 
utilized (Morera et al., 2017). Morera et al. (2017), observed over a two-year period, homeowner 
satisfaction with SMS controllers was greatly associated with landscape appearance and the 
perceived water-savings effectiveness of the irrigation timer. They also observed the likely 
continued use of the SMS controller was affected by the level of technical knowledge required to 
operate them and any functional challenges that had occurred during the testing period. 
Conclusions of their findings emphasized the critical importance of providing homeowners 
supplemental, user-friendly information regarding their SMS controllers in order to effectively 
change irrigation behaviors and support the long-term use of SMS controllers (Morera et al., 
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2017). This demonstrates that while irrigation sensor technologies can significantly reduce 
water-use and simultaneously maintain turfgrass at the desired level of quality, the use and 
adaptability of irrigation sensors in efforts to conserve water is ultimately dependent on the 
behavior of homeowners themselves. 
The findings of this research resulted in similar water savings as observed in previous 
studies in tropical locations with coarse-textured soils (Cardenas-Lailhacar et al., 2008, 2010; 
Cardenas-Lailhacar and Dukes 2010, 2012; Davis et al., 2009; Hayley and Dukes, 2012; 
McCready et al., 2009). In those studies RS and SMS significantly reduced water use with SMS 
reducing water use more than RS, similar to the present study, and water reductions using 
either sensor generally did not negatively impact turfgrass quality. The average water savings 
across the three trial years for the RS ranged from 21.9 to 23.0% which is comparable to the 
water savings observed by Cardenas-Lailhacar et al. (2008; 2010), Davis et al. (2009), and 
McCready et al. (2009). The average water savings across the three trial years for the SMS 
ranged from 61.2 to 72.0% and is comparable to the optimum water savings observed by 
Cardenas-Lailhacar et al. (2008; 2010), Cardenas-Lailhacar and Dukes (2010; 2012), Hayley 
and Dukes (2012), and McCready et al. (2009). Differences in water savings observed in the 
present study may potentially be a result of the RS or SMS evaluated, the irrigation schedule 
utilized, and the frequency of rainfall in those previous trial periods. Additionally, in these 
previous studies, when RS and SMS were observed to be functioning properly, little to no 
declines in minimal acceptable turfgrass quality were observed as a result of bypassing 
scheduled irrigation based on either rainfall or soil moisture. The hypothesis we tested in this 
study was that new irrigation sensors would significantly reduce water usage with minimal 
decline in turfgrass quality in an environment such as northwest Arkansas. The results of this 
study demonstrate that that to be the case for a bermudagrass lawn on fine-textured soil. It is 
useful to see the similar trends in water savings and effects on turfgrass aesthetics as a result of 
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using RS and SMS, also exist in a humid transition zone environment containing fine-textured 
soils. 
Future irrigation sensor research should investigate the use of SMS in cool-season 
lawns, particularly in the transition zone where cool season turfgrass species, such as Festuca 
arundinacea (Schreb.) or Poa pratensis (L.), are sometimes utilized because of their year-round 
green color. Improper irrigation practices, such as overwatering, on cool-season lawns can 
increase turfgrass’s susceptibility to disease during the summer. Preventing unnecessary 
irrigation using SMS could potentially serve indirectly as a cultural control method to reduce 
disease. Since cool-season turfgrasses have a higher water use rate and are less drought 
resistant than warm-season grasses (Beard, 1989; Huang, 2008), irrigation sensors may not 
provide similar water savings. It would also be of interest to investigate the use of SMS utilized 
at lower soil moisture threshold settings to determine if even greater reductions in water use 
could be realized while still maintaining the turf at minimum levels of acceptable quality. Finally, 
it remains critical to educate homeowners about proper irrigation practices, such as improving 
irrigation systems and watering schedules by utilizing SMS, in order to effectively conserve 
water in lawns. 
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TABLES AND FIGURES 
Table 2-1. Analysis of variance for turfgrass quality during the three trial periods. 
Source of variation 2015 2016 2017 
 Prob > F 
Sensor 0.7140 0.7914 0.8182 
Month 0.0621 <0.0001 <0.0001 
Sensor × Month 0.8393 0.8843 0.9756 
 
Table 2-2. Monthly turfgrass quality during the three trial periods. 
Irrigation sensor treatment June† July Aug. Sept. 
 Turfgrass quality‡ 
 2015 
Control 7.4 a§ 7.4 a 7.3 a 7.5 a 
Rain Bird RSD BE-x 7.4 a 7.4 a 7.3 a 7.6 a 
Hunter Mini-Clik 7.5 a 7.4 a 7.4 a 7.5 a 
Toro Precision Soil Sensor 7.4 a 7.5 a 7.4 a 7.5 a 
Rain Bird SMRT-Y 7.5 a 7.4 a 7.5 a 7.4 a 
 2016 
Control 8.0 a 7.9 a 8.0 a 7.8 a 
Rain Bird RSD BE-x 8.0 a 7.9 a 8.0 a 7.7 a 
Hunter Mini-Clik 8.0 a 7.9 a 8.0 a 7.7 a 
Toro Precision Soil Sensor 7.9 a 7.9 a 8.0 a 7.7 a 
Rain Bird SMRT-Y 7.9 a 8.0 a 8.0 a 7.6 a 
 2017 
Control 7.9 a 8.0 a 8.0 a 7.8 a 
Rain Bird RSD BE-x 7.9 a 8.0 a 8.0 a 7.7 a 
Hunter Mini-Clik 7.9 a 8.0 a 7.9 a 7.7 a 
Toro Precision Soil Sensor 7.9 a 8.0 a 8.0 a 7.7 a 
Rain Bird SMRT-Y 7.9 a 8.0 a 8.0 a 7.6 a 
 
† Treatment applications began 7 June, 5 June, 4 June in 2015, 2016, and 2017, respectively, 
and were applied every Tuesday and Friday for 17 wk. 
 
‡ Turfgrass quality was visually rated on a 1 to 9 scale with 1 being brown, dead, 6 being 
acceptable, and 9 being excellent, according to the National Turfgrass Evaluation Program 
protocols (NTEP.org). 
 
§ Within years and columns, monthly means followed by the same letter are not significantly 
different according to Fisher’s protected LSD (P < 0.05). 
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Table 2-3. Analysis of variance for turfgrass color during the three trial periods. 
Source of variation 2015 2016 2017 
 Prob > F 
Sensor 0.3248 0.6868 0.1442 
Month <0.0001 <0.0001 <0.0001 
Sensor × Month 0.6963 0.9922 0.9981 
 
Table 2-4. Analysis of variance for irrigation applied during the three trial periods. 
Source of variation 2015 2016 2017 
 Prob > F 
Sensor <0.0001 <0.0001 <0.0001 
Month <0.0001 <0.0001 <0.0001 
Sensor × Month <0.0001 <0.0001 <0.0001 
 
Table 2-5. Monthly irrigation applied during the three trial periods. 
Irrigation sensor treatment June† July Aug. Sept. 
 Irrigation applied (mm) 
 2015 
Control 88.9 a‡ 114.3 a 101.6 a 127.0 a 
Rain Bird RSD BE-x 75.8 a 75.8 b 101.6 a 114.3 a 
Hunter Mini-Clik 75.8 a 75.8 b 101.6 a 114.3 a 
Toro Precision Soil Sensor 44.2 b 34.7 c 57.0 b 34.7 b 
Rain Bird SMRT-Y 12.6 c 25.2 c 37.9 c 41.0 b 
 2016 
Control 88.9 a 114.3 a 114.3 a 114.3 a 
Rain Bird RSD BE-x 75.8 b 75.8 b 94.7 b 75.8 b 
Hunter Mini-Clik 75.8 b 75.8 b 88.9 b 75.8 b 
Toro Precision Soil Sensor 37.9 d 31.6 c 60.0 c 34.7 c 
Rain Bird SMRT-Y 50.5 c 31.6 c 31.6 d 31.6 d 
 2017 
Control 101.6 a 101.6 a 114.3 a 114.3 a 
Rain Bird RSD BE-x 75.8 b 75.8 b 69.4 b 101.6 b 
Hunter Mini-Clik 75.8 b 75.8 b 60.0 c 101.6 b 
Toro Precision Soil Sensor 25.2 c 37.9 c 50.5 d 53.7 c 
Rain Bird SMRT-Y 12.6 d 25.2 d 28.4 e 34.7 d 
 
† Treatment applications began 7 June, 5 June, 4 June in 2015, 2016, and 2017, respectively, 
and were applied every Tuesday and Friday for 17 wk. 
 
‡ Within years and columns, monthly means followed by the same letter are not significantly 
different according to Fisher’s protected LSD (P < 0.05). 
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Table 2-6. Hypothetical return on investment over a 17-week period. The projected estimates in 
this table used the same weekly irrigation schedule applied to a 0.10 ha lawn containing a 
Captina silt-loam soil within Fayetteville, AR 72701 city limits. 
 
Irrigation treatment 
Water 
usage 
Water 
savings 
Irrigation 
cost† 
Cost 
difference 
ROI 
 --- m3 --- --- m3 --- --- US$ --- --- US$ --- -- US$ -- 
No Sensor (control) 
( =34)‡ 
401.2 ----- 459 ----- ----- 
Rain Bird RSD-BEx (RS) 
( =27) (Avg. MSRP $25)§ 
318.6 82.6 365 94 69 
Hunter Mini-Clik (RS 
( =26) (Avg. MSRP $26) 
306.8 94.4 351 108 82 
Toro Precision Soil Sensor (SMS) 
( =13) (Avg. MSRP $138) 
153.4 247.8 176 283 145 
Rain Bird SMRT-Y (SMS) 
( =10) (Avg. MSRP $144) 
118.0 283.2 135 324 180 
 
† Cost of water for irrigation within Fayetteville, AR city limits is $4.35 per 3.8 m3 water (1,000 
gal; 1 m3 = 264.2 gal; City of Fayetteville, AR 72701; verified 02 May 2018). 
 
‡ ( =) represents average number of annual irrigation events allowed by the sensor treatment 
during the three-year trial period in this study. 
 
§ Average MSRP US$ among RS and SMS utilized in this study obtained from Amazon.com 
(accessed 15 May 2018). Prices may vary depending on supplier and / or website. 
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Figure 2-1. Each plot was independently irrigated with their own individual irrigation controller 
and using four quarter-circle Hunter MP1000 Rotator nozzles. 
 
 
Figure 2-2. Each experimental unit was independently irrigated with their own individual 
irrigation controller. The treatment replicates of the rain sensors were mounted to the top of the 
posts of the controller board, approximately 3.0 m above the ground with no obstructions 
impeding air movement or direct solar radiation. 
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Figure 2-3. The Toro Precision Soil Sensor was a wireless soil moisture sensor installed above 
ground and contained 12.7-cm probes inserted into the soil to monitor soil moisture. The user 
interface indicates soil moisture is sufficient in the sense that the irrigation timer is in the ‘OFF’ 
mode even though the timer dial is set to the Run position. As a result, scheduled irrigation 
would be bypassed due to sufficient soil moisture. 
 
 
 
Figure 2-4.  The Rain Bird SMRT-Y is a non-wireless soil moisture sensor installed horizontally, 
approximately 10.2 cm below the soil surface. The user interface indicates soil moisture is 
sufficient in the sense that the interface reads ‘Watering Suspended’ even though the controller 
dial is set to the Auto Run position. As a result, scheduled irrigation would be bypassed due to 
sufficient soil moisture.
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Figure 2-5. Daily reference evapotranspiration (ETo; mm) and precipitation data for 2015. Irrigation sensors trial began 5 June 2015 
and ended 2 Oct. 2015, running for seventeen weeks. Weather data collected from on-site weather station. 
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Figure 2-6. Daily reference evapotranspiration (ETo; mm) and precipitation data for 2016. Irrigation sensors trial began 6 June 2016 
and ended 30 Sept. 2016, running for seventeen weeks. Weather data collected from on-site weather station. 
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Figure 2-7. Daily reference evapotranspiration (ETo; mm) and precipitation data for 2017. Irrigation sensors trial began 5 June 2017 
and ended 30 Sept. 2017, running for seventeen weeks. Weather data collected from on-site weather station. 
  
0
5
10
15
20
25
30
35
40
45
50
0
5
10
15
20
25
30
35
40
45
50
1-Jun 1-Jul 1-Aug 1-Sep
P
re
c
ip
ita
tio
n
 (m
m
)
E
T
o
 (
m
m
)
2017 Precipitation 2017 ETo
6
9
 
67 
70 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-8. Soil moisture characteristic curve of the soil moisture sensor plots. This curve shows the relationship between soil 
moisture content (% vol.) and soil water potential (kPa), and the soil hydraulic conductivity (mm hr-1). This curve was generated using 
the software program, Soil Water Characteristics (v. 6.02.74; USDA ARS, Pullman, WA), which required inputs of % sand, clay, and 
organic matter concentration in order to predict and graph the relationship. 
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Chapter III. Tall Fescue and Kentucky Bluegrass Lawn Performance under Chronic 
Drought Stress 
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ABSTRACT 
Cool-season turfgrasses, such as tall fescue (Festuca arundinacea (Schreb.); TF) and 
Kentucky bluegrass (Poa pratensis L.; KBG), are utilized in lawns throughout the transition 
zone. During the summer, when evapotranspiration (ET) rates increase and rainfall may be 
insufficient to replenish soil moisture, these species often show the undesired symptoms of 
drought stress. Deficit irrigation is a practice utilized to conserve water while still maintaining 
minimum levels of acceptable quality while imposing chronic drought stress on the turf. Irrigation 
deficit levels are determined by multiplying a species-specific crop coefficient by reference ET, 
wherein deficit irrigation replaces percentages of crop ET (ETc). Previous research has 
evaluated and identified drought-resistant and drought-sensitive varieties of TF and KBG, both 
inter- and intraspecifically, across a wide range of environmental conditions and under various 
drought-stress protocols. A study was conducted to evaluate the effects of chronic drought 
stress between drought-resistant and drought-sensitive varieties of TF and KBG in a humid, 
transition zone environment in the field. Cultivars evaluated were ‘RK4’ and ‘Rebel Exeda’ TF, 
and ‘Diva’ and ‘Geronimo’ KBG. Cultivars were irrigated twice weekly for 17 weeks at 100, 80, 
or 50% ETc. and evaluated in two summer periods. Environmental conditions were not 
conducive for examining drought-resistance differences as frequent rainfall events occurred 
throughout the trial. However drought-resistant TF and KBG cultivars irrigated at 50% ETc 
maintained acceptable turfgrass quality in each trial period. In a humid, transition zone 
environment, cool-season turfgrasses may produce acceptable lawn with minimal irrigation 
required.  
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INTRODUCTION 
 A best management practice in lawn water conservation efforts is the selection and use 
of drought-resistant turfgrass varieties. It is important that homeowners and turfgrass managers 
utilize species and varieties that perform well under periods of drought stress to reduce water 
use while still maintaining the lawn at an acceptable quality. Drought is defined by Beard (1989) 
as an accumulated precipitation deficiency from normal, accompanied by above normal 
atmospheric evaporative demand. The severity of a drought is impacted by several parameters 
including the duration without precipitation, the evaporative power of the air, and the water 
retention characteristics of the soil (Beard, 1989). Irrigation serves as a supplement to replenish 
moisture in soil during periods of drought stress, therefore it is important that irrigation is 
periodically provided to maintain sufficient soil moisture and acceptable turfgrass quality under 
such conditions. 
As urbanization increases (United States Census Bureau, 2016; Alig et al., 2004), the 
projected population growth poses significant implications on water quality and quantity, and 
could potentially lead to greater demand, or increased competition, for freshwater resources 
(Fender, 2008; Johnson et al., 2013). Managed lawns are commonly utilized in urban 
landscapes and thus compete for water with other urban uses such as household and industrial 
purposes (Stoutenborough and Vedlitz, 2014). As a result, lawns are often considered a luxury 
or non-essential component of the landscape. In some cases, consumers are provided rebates 
to remove their turfgrass lawn from the landscape altogether in efforts to conserve water 
(Breuninger et al., 2013; Devitt and Morris, 2008; Fender, 2008; Johnson et al., 2013; St. Hilaire 
et al., 2008). Actions such as this ignore the environmental, functional, aesthetic, and 
recreational benefits lawns provide within a landscape, or a community as a whole, and can 
lead to further consequences such as increased air pollution, greater soil erosion, increased 
temperatures and cooling costs (Beard, 2008; Beard and Green, 1994; Stier et al., 2013). One 
of the methods currently employed by local governments and municipalities to conserve water is 
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by use of irrigation ordinances or restrictions (Breuninger et al., 2013; Devitt and Morris, 2008; 
St. Hilaire et al., 2008). Failure to comply with these restrictions and ordinances can result in 
citations and / or fines. Therefore, it becomes important to recognize the variation in drought 
resistance among turfgrasses, and utilize drought-resistant turfgrasses in the landscape to 
conserve water without removing the multitude of turfgrass benefits.  
 Tall fescue (Festuca arundinacea (Schreb.), and Kentucky bluegrass (Poa pratensis L.; 
KBG), are cool-season turfgrass species utilized throughout the temperate regions and the 
transition zone, and are desired for their ability to remain relatively green throughout the year. 
Due to their utilization of the C-3 photosynthetic pathway, they can become susceptible to 
drought stress during hot, dry periods in the summer months as air temperatures increase (≥ 
30°C) and precipitation is often less frequent, resulting in increased evapotranspiration (ET) 
rates. As ET rates increase, cool-season turfgrasses may close their stomata to conserve water 
and subsequently limit further carbon fixation through photosynthesis. Other aesthetic, 
morphological, and physiological responses may occur as a result of the drought stress and 
previous research has observed that TF and KBG varieties exhibit a range of inter- and intra-
specific differences in their responses to drought. These differences are often indicated by a 
species’ or a variety’s prolonged ability to maintain green canopy coverage during drought 
stress, or their ability to readily recover once moisture becomes available either through rainfall 
or irrigation. It is therefore beneficial to select and utilize drought-resistant varieties to conserve 
water and simultaneously maintain turfgrass at acceptable levels of quality. 
Turfgrass drought resistance has been divided into three components, relative to the 
morphological or physiological mechanisms involved in response to onset of drought conditions, 
two of which are dehydration avoidance (i.e., drought avoidance), and dehydration tolerance 
(i.e., drought tolerance). Drought avoidance mechanisms allow the plant to avoid tissue damage 
from water deficits by maintaining a positive water balance within the plant. These mechanisms 
are often associated with increased rooting depths and distribution as well as reduced ET rates 
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(Beard 1989, Fry and Huang, 2004; Kneebone et al., 1992). Drought tolerance describes the 
ability of the plant to endure low tissue water deficits when a negative tissue water balance is 
present, and involves physiological responses and mechanisms concerning maintenance of 
turgor and desiccation tolerance (e.g., osmotic adjustment, protoplasmic resistance, altered 
protein synthesis, and more) (Beard 1989, Fry and Huang, 2004; Kneebone et al., 1992). 
Evaluating turfgrasses for their drought resistance is an important step in water conservation 
efforts as varieties exhibiting superior drought resistance could be utilized in residential lawns 
and other low maintenance turfgrass sites.  
Previous research has investigated turfgrass water requirements and evaluated 
differences among turfgrass water use characteristics (Kenna, 2008) and have ranked 
turfgrasses for their for their relative drought resistance (Beard, 1989). Drought resistance 
evaluations involve subjecting turfgrasses to level of acute or chronic drought conditions. Acute 
drought stress is defined as an environment in which no water is available to the turf for an 
extended period of time, whereas chronic drought stress is an extended period of time when 
stress from water deficits occur, but water is periodically available to sustain the turfgrass 
(Richardson et al., 2012). Chronic drought stress can be imposed by means of using deficit 
irrigation, which refers to a fractional amount of irrigation made in response to a reference water 
use estimate, such as ET (Feldhake et al., 1984; Kneebone et al., 1992). Chronic drought stress 
may also be imposed by supplying a fixed volume of irrigation to the soil once the turfgrass 
drops below a specific percentage of green turfgrass coverage, wherein the irrigation volume 
may be lower, higher, or equal to the water loss through ET (Richardson et al., 2012). 
Another best management practice, contributing to water conservation, is improving 
irrigation scheduling (Carrow, 2006), which can be accomplished by irrigating according to ETc. 
When turfgrasses are irrigated using applications less than the maximum water loss (e.g., < 
100% ETo) this is similar to deficit irrigation (Shearman, 2008). Previous research has observed 
implementing deficit irrigation in watering turfgrasses does not necessarily result in significant 
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loss of acceptable turfgrass quality and function and can be an effective way to conserve water 
(Shearman, 2008; Leinauer and Green, 2011; Feldhake et al., 1984; Gibeault et al., 1985). 
Using deficit irrigation is a beneficial practice in water conservation efforts, especially as water 
use for lawn irrigation may become more strictly regulated. It therefore important to examine 
water requirements among turfgrass varieties using drought stress regimes. 
One method to quantify turfgrass water requirements is by using local weather data to 
estimate potential water loss from the soil-plant-atmosphere continuum, thus representing 
reference evapotranspiration (ETo). The weather data is compiled into mathematical models, 
such as the FAO-56 Penman-Monteith equation (Allen et al., 1998), which corresponds to a 
theoretical reference crop, and represents a reference evapotranspiration value (ETo) (Allen et 
al., 1998; Leinauer and Green, 2011). The actual water losses from turfgrasses are typically 
overestimated by ETo, thus ETo can be multiplied by a species-specific crop-coefficient (Kc) 
(Kneebone et al., 1992; Leinauer and Green, 2011). Crop coefficients typically replenish the turf 
rootzone with amounts water that are less than the water lost by ETo. Crop coefficients are 
defined as the ratio of actual crop evapotranspiration (ETa) to ETo, representing a percentage of 
the reference value, and can depend on parameters such as the ET referenced (i.e, 
mathematical model utilized), quality expectations, season, turfgrass species, maintenance 
factors, and climate conditions (Allen et al., 1998; Leinauer and Green, 2011). Previous 
research suggests Kc values of 0.8 for cool-season turfgrasses and 0.7 for warm-season turf 
(Meyer et al., 1985; Devitt and Morris, 2008). Furthermore, multiplying the ETo by the Kc results 
in a crop evapotranspiration estimate (ETc) wherein irrigation volume is based upon turf species 
and ETo (Allen et al., 1998). Irrigating turfgrasses using ETc is one method to implement deficit 
irrigation depending on the Kc value utilized relative to ETo. Previous research has investigated 
varieties of TF and KBG, inter- and intraspecifically, for their drought resistance mechanisms, 
such as drought avoidance and drought tolerance, under various drought stress protocols. 
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Identifying varieties that demonstrate superior drought resistance can contribute to reducing 
water use in lawn irrigation. 
 Controlled environment studies have examined interspecific differences between TF and 
KBG and in comparison with other cool- and warm-season turfgrass species under various 
drought stress regimes (Chai et al., 2010; Qian and Fry, 1997) and reported various 
morphological and physiological drought-resistance-response mechanisms of TF and KBG 
relative to other species. Many interspecific drought evaluations in controlled environments have 
compared the relative drought resistance of hybrid bluegrass (Poa arachnifera Torr. x Poa 
pratensis L.; HBG), to KBG and TF. Hybrid bluegrass is an interspecific cross between Texas 
bluegrass (Poa arachnifera Torr.) and KBG, and may exhibit improved turf quality or drought 
resistance compared to KBG under higher temperatures and prolonged drought stress, as 
Texas bluegrass is more tolerant of heat and drought stress than KBG (Abraham et al., 2004; 
Su et al., 2007; Suplick-Ploense and Qian, 2005; Turgeon, 2008). On many occasions KBG and 
TF exhibited similar morphological and physiological responses to drought stress as HBG 
(Abraham et al., 2004, 2008; Su et al., 2007), Under various drought-stress protocols These 
studies have demonstrated that improved varieties of TF and KBG have similar drought 
resistance as some HBG, and could be ideal potential varieties suitable for a home lawn in 
efforts to support water conservation. As these controlled environment studies have observed 
variation in turfgrass quality, and differences in morphological and physiological responses to 
drought stress, it is also advantageous to investigate interspecific differences drought resistance 
in the field. 
 Interspecific field trials across the world have investigated the drought resistance of TF 
and KBG compared to other cool- and warm-season turfgrasses in regards to their aesthetic 
differences and drought-resistance responses under acute or chronic drought-stress protocols 
(Cereti et al., 2009; Ervin and Koski, 1998; Fry and Butler, 1989; Fu et al., 2004, 2007a; 
Leksungnoen et al., 2012; Qian and Engelke, 1999). Interspecific field studies have also 
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evaluated HBG with TF and KBG under various drought stress protocols (Baird et al., 2009; 
Bremer et al., 2006; Githinji et al., 2009; Merewitz et al., 2010; Su et al., 2008; Su et al., 2009; 
Suplick-Ploense and Qian, 2005;). These studies have demonstrated cultivars and genotypes of 
TF and KBG under acute or chronic drought stress may exhibit similar, or greater, responses in 
visual turfgrass quality and color, ET rates, rooting depth and distribution, canopy 
photosynthesis, leaf firing, and wilting compared to HBG. Other studies have demonstrated TF, 
KBG, and HBG cultivars vary in terms of the number of days they can retain their green 
coverage or the amount of supplemental irrigation required to maintain a minimum amount of 
green turfgrass coverage (Richardson et al., 2009; Richardson et al., 2012). While these 
interspecific studies provide valuable insight in identifying species or varieties that exhibit 
superior drought resistance in various locations and environmental conditions, of even 
potentially greater interest, is the ability to intraspecifically identify varieties, in order to further 
maximize water conservation efforts. 
 Controlled environment studies have investigated intraspecific differences in TF drought 
avoidance and drought tolerance mechanisms under various drought stress regimes. These 
studies have reported TF varieties vary in their photosynthesis and ET rates, stomatal 
conductance, rooting depth, distribution, and cell-membrane stability, leaf thickness, leaf wax 
and water content, stomatal density, and osmotic adjustment under various drought stress 
protocols (Fu and Huang, 2004; Fu et al., 2010; Huang and Gao, 1999, 2000; Pan et al., 2013; 
Sun et al., 2013). Field experiments have reported intraspecific differences in drought avoidance 
among TF varieties under various drought stress regimes. Drought-resistant TF varieties appear 
to endure drought stress by exhibiting avoidance and tolerance mechanisms such as deep 
rooting, improved stomatal conductance and osmotic adjustment. (Brown et al., 2004; Carrow, 
1996; Carrow and Duncan 2003; Fu et al., 2007b; Karcher et al., 2008; Richie et al., 2002) 
Selecting and utilizing these drought-resistant TF varieties for lawns would be beneficial in water 
conservation efforts. 
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Intraspecific studies in controlled environments have investigated the drought resistance 
of KBG varieties under various drought stress protocols. Kentucky bluegrass varieties exhibiting 
Drought avoidance and tolerance mechanisms such as deeper rooting, improved ET rates, 
greater osmotic adjustment, relative leaf water content, photochemical efficiency, chlorophyll 
content, and electrolyte leakage as well as protein and enzyme responses have been 
associated with improved drought resistance among KBG varieties (Ebdon and Kopp, 2004; 
Huang and Wang, 2005; Liu et al. 2015; Wang and Huang, 2004). Field studies have also 
investigated intraspecific differences in drought resistance among KBG varieties and genotypes 
in many different locations (Bonos and Murphy, 1999; Bushman et al., 2012; Goldsby et al., 
2015; Lewis et al., 2012; Perdomo et al., 1996; Richardson et al., 2008). These studies have 
reported a wide range in drought resistance among KBG varieties in terms of their ability to 
remain green under acute drought stress or the amount of water required to maintain their green 
color under chronic drought stress, and have demonstrated improved KBG varieties exhibit 
drought avoidance and tolerance mechanisms such as deeper rooting, greater transpirational 
cooling, and improved stomatal conductance and osmotic adjustment. These studies 
demonstrate a range in drought resistance among KBG varieties and further reinforce the 
importance of variety selection in efforts to conserve water. 
  As these inter- and intra-specific studies have observed quite a range in drought 
resistance among TF and KBG varieties, it is important that those in the turfgrass industry, such 
as seed companies and sod producers, provide homeowners and turfgrass managers these 
top-performing turfgrass varieties that have demonstrated superior drought resistance. Utilizing 
such varieties in a turfgrass lawn can result in reduced water use without compromising 
turfgrass aesthetics, nor removing any of the other many benefits turfgrasses provide. An 
organization that assists such efforts is the Turfgrass Water Conservation Alliance (Karlin, 2018; 
tgwca.org; TWCA). The TWCA is an alliance of breeders, seed companies, and university 
scientists who work to identify and promote drought-resistant cultivars using standardized 
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testing protocols and objective evaluation methods and quantitative assessments, such as 
digital image analysis (Karcher and Richardson, 2013; Richardson et al., 2001). As new, 
superior drought-resistant varieties of TF and KBG are screened and identified, it is important 
they are evaluated in locations, such as the transition zone, to see how they perform during the 
summer months under greater ET rates. Much of the previous field research has been 
conducted under the assistance of a rainout shelter where water is replenished to the turfgrass 
rootzone only by means of irrigation. Currently it is unknown how improved drought-resistant 
cultivars of TF and KBG would perform in a humid, transition zone environment under chronic 
drought stress in the field, with natural precipitation periodically available. It would also be of 
interest to determine how they would compare with drought-sensitive varieties under such 
conditions. The hypotheses we tested in this study were that improved drought-resistant 
varieties of TF and KBG would perform better than drought-sensitive varieties under chronic 
drought stress; and, that deficit irrigation would result in minimal decline in unacceptable 
turfgrass quality. The objective of this study was to evaluate the effects of chronic drought stress 
between drought-resistant and drought-sensitive varieties of tall fescue and Kentucky bluegrass 
in a humid, transition zone environment in the field. 
 
MATERIALS AND METHODS 
Experimental area 
 This study was conducted at the University of Arkansas Agricultural Research and 
Extension Center in Fayetteville, Arkansas from 6 June 2016 to 30 Sept. and repeated 5 June to 
29 Sept. in 2017. The soil at the experimental area was a Leaf silt-loam (Fine, mixed, active, 
thermic Typic Albaquults). Once during the spring and fall of 2015 through 2017, the 
experimental area was fertilized using a 46-0-0 fertilizer at the rate of 49 kg N ha-1. The 
experimental area was maintained at a weekly mowing height of 51 mm; however, from July 
through Sept. each year, the mowing height was raised to 76 mm. 
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Irrigation treatments 
 Whole-plot irrigation treatments were intended to induce levels of chronic drought stress 
via deficit irrigation applied to 37.2 m2 (6.1 x 6.1 m) plots. Irrigation treatments were 
programmed to replace a percentage of crop evapotranspiration (ETc), which is the reference 
ET (ETo) multiplied by a crop coefficient (Kc) value, which in this case was 0.8 for cool-season 
turfgrass (Allen et al., 1998; Feldhake et al., 1984). Daily ETo values were collected from 
weather data obtained from a custom-built, onsite weather station (Coastal Environmental 
Systems; Seattle, WA) in 2016, and from a different onsite weather station (Ambient Weather 
WS-2902; Chandler, AZ) in 2017. Weather data were compiled into a spreadsheet and ETo was 
calculated using the FAO-56 Penman-Monteith equation (Allen et al., 1998). Replacement 
irrigation was applied two times each week, on Monday and Thursday. Since the plots were 
exposed to natural rainfall, cumulative precipitation occurring since the previous irrigation 
application was subtracted from the quantity of irrigation to be applied. The irrigation treatments 
applied 100, 80, or 50% of the ETc minus cumulative precipitation. Once the amount of irrigation 
to be replaced was determined, respective runtimes for irrigation treatments were programmed 
into a Hunter XC Hybrid controller contained in each block of whole-plot replicates. Each whole 
plot was independently irrigated using four, quarter-circle MP2000 Rotator nozzles (Hunter 
Industries Inc. San Marcos, CA). 
 
Turfgrass cultivars 
 Four turfgrass cultivar split-plots were each 9.3 m2 (3.1 x 3.1 m) in size and randomly 
arranged within whole plot. On 24 Oct. 2014, the turfgrass cultivars were seeded by hand in two 
directions to provide even distribution across the entire plot. Tall fescue cultivars were seeded at 
a rate of 390.6 kg pure live seed ha-1 and KBG cultivars were seeded at a rate of 146.6 kg pure 
live seed ha-1. The cultivars utilized in this study were ‘Rebel Exeda’ and ‘RK4’ TF and ‘Diva’ 
and ‘Geronimo’ KBG. These selected cultivars represented a range in drought resistance, with 
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‘RK4’ and ‘Diva’ exhibiting good drought resistance and ‘Rebel Exeda’ and ‘Geronimo’ 
representing cultivars with relatively poor drought resistance as observed in previous studies 
(Richardson et al., 2008; 2012). Additionally, ‘RK4’ and ‘Diva’ are currently qualified by the 
Turfgrass Water Conservation Alliance (TGWCA.org; TWCA) for their superior drought 
resistance. At the time of seeding, a starter fertilizer (6-2-0) was applied by hand at the rate of 
24.4 kg N ha-1 in two directions. A germination blanket (item no. PR1724, A.M. Leonard Inc., 
Piqua, OH) was used to enhance uniform germination conditions over the entire experimental 
area and the germination blanket was removed in the 01 Feb 2015. No data was collected in 
2015 due to slow establishment during the fall of 2014 and heavy infestations of Poa annua (L.) 
within the experimental area during the spring and early summer 2015. Pre-emergent herbicides 
were applied in the fall of 2015 and pre-emergent herbicide programs were implemented each 
spring and fall thereafter. 
 
Experimental design, evaluations and data analysis 
 The experimental design of this study was a two-factor, randomized complete block 
design, with irrigation treatments arranged as whole plots and turfgrass cultivars arranged as 
split plots. All treatment combinations were replicated four times. 
 A soil moisture characteristic curve was generated in order to determine the soil 
moisture characteristics of the native soil in the experimental area and determine the 
relationship between soil moisture content and the soil’s water potential. To generate a soil 
moisture characteristic curve, soil samples were collected from the center of each experimental 
unit from the 0 to 15.2-cm depth using a 1.9-cm diameter probe; one sample was collected from 
the center of each experimental unit (n=48), with split-plot samples being combined together by 
whole-plot irrigation treatment and replication, resulting in twelve total soil samples for analysis. 
Samples were processed at the University of Arkansas Altheimer Laboratory to determine 
particle-size analysis (Huluka and Miller, 2014) and percent organic matter concentration 
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(Zhang and Wang, 2014). The respective data from the analyses were then imported into the 
software program, Soil Water Characteristics (v. 6.02.74; USDA ARS, Pullman, WA), which 
required inputs of percent sand and clay, and organic matter concentration to estimate soil 
moisture characteristics and generate a soil moisture characteristic curve. 
Weekly data were collected on visual turfgrass quality and percent green turfgrass 
coverage. Turfgrass quality was visually rated on a 1 – 9 scale with 1 being brown, dead turf, 6 
being acceptable, and 9 being excellent, according to standards utilized by the National 
Turfgrass Evaluation Program protocols (NTEP.org). Digital images were collected using a 
Canon PowerShot G1x digital camera (Canon U.S.A. Inc., Huntington, NY) and green turfgrass 
cover was evaluated objectively by means of digital image analysis (Karcher and Richardson 
2013; Richardson et al., 2001) using Turf Analyzer software (turfanalyzer.com; Karcher et al., 
2017). 
 Data were subjected to repeated measures analysis of variance using the Proc Mixed 
procedure in SAS v. 9.4 (SAS Institute, Cary, NC) using α = 0.05. Monthly treatment means for 
were separated using Fisher’s protected least significant difference (P < 0.05). 
 
RESULTS AND DISCUSSION 
 Frequent rainfall events occurred in 2016 and 2017 and, were often in excess of 
observed ETo (Figs. 3-1 and 3-2) that greatly impacted the results of this study. During both the 
2016 and 2017 trial periods cumulative monthly precipitation for several months exceeded 
cumulative monthly ETo (Table 3-1). Since each month did not begin nor end on a Monday or 
Thursday data for applied irrigation may not completely agree with monthly ETo data (Tables 3-1 
and 3-2). Cumulative monthly precipitation observed during each trial period, relative to the 
historical monthly norms observed from 1981-2010, show some months had more than twice 
the historical monthly precipitation normal (Fig. 3-3). Even though cumulative rainfall during 
each trial period (340 and 370 mm in 2016 and 2017, respectively) was less than the observed 
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historical (1981-2010) cumulative rainfall (403 mm) from June to September, the frequency of 
rainfall (Figs. 3-1 and 3-2), coupled with deficit irrigation treatments, resulted in minimal periods 
of actual drought stress observed during each trial period. 
It is also important to note, that Leaf silt-loam soils are classified as being poorly drained, 
with very slow permeability (National Cooperative Soil Survey, 2008). Particle-size distribution 
and organic matter concentrations were similar across all irrigation treatments, therefore data 
were averaged together (22.6% sand, 12.1% clay, 1.5% organic matter) to generate a soil 
moisture characteristic curve (Fig. 3-4). Field capacity and permanent wilting point were 
estimated to be at 27.6 and 8.7% volumetric water content, respectively, and the saturated 
hydraulic conductivity was predicted to be 14.2 mm h-1. The original objectives of this research 
included evaluating physiological differences between the varieties in response to drought 
stress such as electrolyte leakage and canopy photosynthesis, to further understand specific 
inter- and intra-specific differences between drought-resistant and drought-sensitive varieties. 
However, due to the frequency and intensity of rainfall, minimal periods of drought stress were 
observed, and no data were collected beyond turfgrass quality and cover. 
 From the analysis of variance of turfgrass quality (TQ), there was a significant three-way 
interaction between cultivar, drought resistance, and month during both years (Table 3-3). 
During both years, slight difference in TQ were observed, with the KBG cultivar ‘Diva’, generally 
exhibiting higher TQ than other cultivars in the trial (Table 3-4). These quality differences may 
be more attributed to genetics as frequent rainfall likely contributed to all of the cultivars 
remaining above acceptable quality, particularly since irrigation treatments did not significantly 
affect TQ of the cultivars during the trial periods (Table 3-3). 
 From the analysis of variance of turfgrass coverage, there was a significant three-way 
interaction among cultivar, drought resistance, and month during both years (Table 3-5) and a 
significant three-way interaction between cultivar, drought resistance, and deficit irrigation 
regime in 2017 (Table 3-5; Fig. 3-5). In late July, 2016, a severe outbreak of brown patch 
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(Rhizoctonia solani) occurred in the experimental area, particularly in the TF plots, and likely 
contributed to the observed results on turfgrass coverage. The fungicide azoxystrobin (Heritage 
TL, Syngenta, Greensboro, NC) was applied on 28 July at a rate of 6.4 L product ha-1 and 
repeated 14 days later on 11 Aug. While this may have stopped the infection, the fungicide 
application did not appear to be a complete means of curative control during that time since the 
infected experimental units did not fully recover under milder temperatures in the fall after the 
trial had already ended. The TF cultivars exhibited similar green turfgrass coverage during each 
month in 2016, and had significantly lower turfgrass coverage than the KBG cultivars on 
average from July through September (Table 3-6). Differences in turfgrass coverage were most 
likely a result of the disease pressure and not due to chronic drought stress, considering that 
unaffected areas of TF maintained TQ above minimum levels of acceptable quality during that 
same time (Table 3-4). In 2016, ‘Diva’ exhibited greater turfgrass coverage on average than 
Geronimo during June and August (Table 3-6). In 2017, significant differences in monthly 
turfgrass coverage were not observed between the TF cultivars, however ‘Diva’ again exhibited 
significantly greater turfgrass coverage than ‘Geronimo’. During most of the summer, the TF 
cultivars had greater turf coverage than ‘Geronimo’ (Table 3-6). 
 Deficit irrigation did not significantly influence turfgrass coverage in 2016 (Table 3-5). In 
2017, a significant three-way interaction between cultivar, drought resistance, and deficit-
irrigation level affected turfgrass coverage (Table 3-5; Fig. 3-5). Turfgrass coverage was not 
statistically different between TF cultivars across all levels of deficit irrigation (Table 3-7). The 
KBG cultivar ‘Diva’ had significantly greater turfgrass coverage at 100% ETc than TF irrigated 
under any of the irrigation regimes (Table 3-7). ‘Diva’ irrigated at 50% ETc or greater resulted in 
significantly greater green cover than ‘Geronimo’ under all three deficit-irrigation levels (Table 3-
7). The TF cultivars, on average, had greater turfgrass coverage than ‘Geronimo’ under each 
irrigation treatment. However, though significantly different, these differences could be 
considered negligible (Fig. 3-5). 
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 Previous drought-stress studies conducted under rainout structures (Richardson et al., 
2008; 2012) reported ‘Diva’ was among the top performing KBG varieties in terms its ability to 
retain green turfgrass coverage during the dry down period, whereas ‘Geronimo’ was among the 
poorest performing varieties, losing its green turfgrass coverage much sooner than a majority of 
the other varieties evaluated (Richardson et al., 2008). Likewise, ‘RK4’ required less 
supplemental irrigation than ‘Rebel Exeda’ to maintain 40% green turfgrass coverage, using a 
chronic drought stress protocol (Richardson et al., 2012). In the present trial, a lack of variation 
in turf quality and turfgrass coverage among the TF varieties could potentially be attributed to 
genetic differences and the frequent number of rainfall events that occurred during the trial 
periods (Figs. 3-1, 3-2). Regardless of deficit-irrigation level, ‘Geronimo’ exhibited significantly 
lower turfgrass coverage than ‘Diva’ during a majority of both years, though these differences 
may be negligible visually (Fig. 3-5). ‘Geronimo’ may have had less overall turfgrass density 
than ‘Diva’, which may have also contributed to lower coverage. These results do not strongly 
support our hypothesis for the drought-resistance between the varieties as factors other than 
drought stress likely influenced these findings. Overall, with the plots exposed to frequent 
precipitation and slowly-drained soils may have contributed to the results observed during the 
study, as no cultivars declined below minimal levels of acceptable turfgrass quality under 
chronic drought stress. 
 The irrigation treatment imposed in this study 100, 80 and 50% ETc are comparable to 
irrigating at deficit-irrigation levels of 80, 64, and 40% ETo. In this study, deficit-irrigation levels 
did not negatively affect turfgrass quality or green turfgrass coverage of TF or KBG varieties, as 
both varieties remained above acceptable turfgrass quality, and exhibited similar turfgrass 
coverage. These findings supported our second hypothesis we tested, albeit coupled with the 
environmental conditions observed during the trials. Our results are similar to previous chronic-
drought-stress evaluations, where TF irrigated at 60 and 40% ETo did not differ in turfgrass 
quality in Italy (Cereti et al., 2009) and maintained acceptable turfgrass quality irrigated at 60% 
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ETo in Kansas (Bremer et al., 2006; Fu et al., 2007b); and are also similar to drought-resistant 
KBG TQ irrigated 50% ETo in Utah (Bushman et al., 2012). While interspecific differences in 
turfgrass coverage under prolonged chronic drought stress was inconsistent between years 
(Table 3-6), acceptable turf quality was observed throughout both trial periods. In a humid 
transition zone environment, with fine-textured soils and timely rains, deficit irrigation would 
allow homeowners and turfgrass managers to reduce irrigation without sacrificing turfgrass 
quality or loss of coverage. 
 Future research investigating performance of drought-resistant and drought-sensitive 
varieties should utilize some form of rain-protective structure in order more effectively discern 
and induce responses to chronic drought stress. This is especially critical in humid 
environments containing fine-textured soils, such as Northwest Arkansas. The costs of 
purchasing and constructing a rainout shelter to cover the experimental area of this size (445.9 
m2) would potentially be rather expensive, so adjustments in size of the experimental units 
would likely need to occur. However, should future work similar this study be conducted without 
the aid of a rainout shelter, one must consider a treatment consisting of natural precipitation 
only (i.e., non-irrigated or 0% ETc) and / or using deficit-irrigation levels less than 50% ETc, 
which may further serve as great interest towards water conservation efforts. Cool-season 
turfgrasses, such as TF and KBG, when grown in fine-textured soils in a humid transition zone 
environment, may require little or no supplemental irrigation to maintain the lawn at an 
acceptable quality. The use of soil moisture sensors could aid in such efforts to reduce water 
use and in bypassing scheduled irrigation based upon current soil moisture, in a location such 
as this with timely rainfall, would prevent unnecessary irrigation from occurring.  
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TABLES AND FIGURES 
Table 3-1. Cumulative monthly evapotranspiration and precipitation data during the 2016 and 
2017 trial periods. 
 
Month ETo (mm) † Precipitation (mm) ETnet (mm) 
 2016 
June 165.2 42.4 122.8 
July 153.7 179.6 -25.9 
Aug. 162.6 68.6 94.0 
Sept. 136.0 49.0 87.0 
 2017 
June 126.8 99.8 27.0 
July 145.0 57.9 87.1 
Aug. 110.2 180.6 -70.4 
Sept. 108.7 31.2 77.5 
 
† Reference evapotranspiration (ETo) precipitation (mm), and net evapotranspiration (ETnet) 
values represent monthly totals of the monthly 30- or 31-day period. Net evapotranspiration 
represents ETo minus precipitation. All data was collected from an onsite weather station. 
 
Table 3-2. Cumulative irrigation applied each month under the deficit irrigation treatments in 
2016 and 2017 
 
Month 100% ETc† 80% ETc  50% ETc 
 Irrigation applied (mm) 
 2016  
June‡ 92.1§ 73.7 46.1 
July --- --- --- 
Aug. 72.6 58.1 36.3 
Sept. 63.9 51.1 31.9 
 2017 
June 29.9 23.9 14.9 
July 57.3 45.8 28.7 
Aug. --- --- --- 
Sept. 57.7 46.2 28.9 
 
† Irrigation was applied on Mondays and Thursdays using three irrigation replacement levels of 
reference ET (ETo) multiplied by a crop coefficient (Kc) of 0.8 for cool-season turfgrass; this 
value represented crop ET (ETc). Before applying irrigation, cumulative precipitation since the 
previous irrigation event was subtracted from ETc.  
 
‡ Trials initiated on Monday 6 June, and Monday, 5 June, in 2016 and 2017, respectively. 
 
§ Values may be greater or lower than actual percentages of values in Table 3-1 since each 
month did not begin or end on a Monday or Thursday. These values represent cumulative 
amounts of monthly irrigation applied (mm). Dashed lines (---) indicate cumulative monthly ETnet 
was less than zero.  
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Table 3-3. Analysis of variance for turfgrass quality in 2016 and 2017. 
Source of variation 2016 2017 
 Prob > F 
Irrigation 0.8351 0.0631 
Cultivar† 0.0198 <0.0001 
Cultivar × Irrigation 0.9752 0.3392 
Drought resistance (DR)‡ 0.0218 0.0006 
DR × Irrigation 0.8077 0.7034 
Cultivar × DR 0.1426 <0.0001 
Cultivar × DR × Irrigation 0.8251 0.3520 
Month <0.0001 <0.0001 
Irrigation × Month 0.3629 0.5463 
Cultivar × Month <0.0001 0.0014 
Cultivar × Irrigation × Month 0.8949 0.1201 
DR × Month 0.0004 <0.0001 
DR × Irrigation × Month 0.2517 0.9889 
Cultivar × DR × Month 0.0068 0.0027 
Cultivar × DR × Irrigation × Month 0.1857 0.3273 
 
† Two tall fescue cultivars, ‘RK4’ and ‘Rebel Exeda’ and two Kentucky bluegrass cultivars, ‘Diva’ 
and ‘Geronimo’ were evaluated in this study. 
 
‡ Drought resistance indicates if the cultivar was qualified by the Turfgrass Water Conservation 
Alliance (TWCA) for superior drought resistance. ‘RK4’ and ‘Diva’ are TWCA-qualified cultivars. 
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Table 3-4. Effects of month, cultivar, and drought resistance on turfgrass quality in 2016 and 
2017. 
 
Cultivar† June July Aug. Sept 
 Turfgrass quality‡ 
 2016 
Diva (KBG) 7.0 a§ 7.9 a 8.0 a 8.3 a 
Geronimo (KBG) 6.0 b 7.8 ab 7.7 ab 8.3 a 
Rebel Exeda (TF) 7.0 a 7.6 b 7.4 b 7.5 b 
RK4 (TF) 7.2 a 7.7 ab 7.4 b 7.5 b 
 2017 
Diva (KBG) 8.0 a 7.6 a 8.1 ab 7.5 b 
Geronimo (KBG) 7.5 b 6.8 b 7.9 b 7.5 b 
Rebel Exeda (TF) 8.0 a 7.4 a 8.2 a 8.1 a 
RK4 (TF) 8.0 a 7.4 a 8.2 a 8.0 a 
 
† Cultivars qualified by the TWCA for drought resistance were ‘Diva’ a Kentucky bluegrass 
cultivar, and ‘RK4’ a tall fescue cultivar. ‘Geronimo’ and ‘Rebel Exeda’ were cultivars of 
Kentucky bluegrass and tall fescue, respectively, not qualified by the TWCA. 
 
‡ Turfgrass quality was visually rated on a 1 to 9 scale with 1 being brown, dead, 6 being 
acceptable, and 9 being excellent, according to the National Turfgrass Evaluation Program 
protocols (NTEP.org). 
 
§ Within years and columns, means followed by the same letter are not significantly different 
according to Fisher’s protected LSD (P < 0.05). 
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Table 3-5. Analysis of variance for turfgrass coverage in 2016 and 2017. 
Source of variation 2016 2017 
 Prob > F 
Irrigation 0.8886 0.3339 
Cultivar† <0.0001 0.0004 
Cultivar × Irrigation 0.9100 0.3734 
Drought resistance (DR) ‡ 0.0042 <0.0001 
DR × Irrigation 0.4540 0.0334 
Cultivar × DR 0.0854 <0.0001 
Cultivar × DR × Irrigation 0.6980 0.0204 
Month <0.0001 <0.0001 
Irrigation × Month 0.4576 0.0576 
Cultivar × Month <0.0001 <0.0001 
Cultivar × Irrigation × Month 0.9459 0.0862 
DR × Month 0.9447 0.0023 
DR × Irrigation × Month 0.4156 0.4898 
Cultivar × DR × Month 0.0500 0.0241 
Cultivar × DR × Irrigation × Month 0.2833 0.6952 
 
† Two tall fescue cultivars, ‘RK4’ and ‘Rebel Exeda’ and two Kentucky bluegrass cultivars, ‘Diva’ 
and ‘Geronimo’ were evaluated in this study. 
 
‡ Drought resistance indicates if the cultivar was qualified by the Turfgrass Water Conservation 
Alliance (TWCA) for superior drought resistance. ‘RK4’ and ‘Diva’ are TWCA-qualified cultivars. 
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Table 3-6. Effects of month, cultivar, and drought resistance, on turfgrass coverage in 2016 and 
2017. 
 
Cultivar† June July Aug. Sept. 
 Turfgrass quality‡ 
 2016 
Diva (KBG) 80.0 a§ 77.3 a 77.2 a 80.4 a 
Geronimo (KBG) 71.8 b 72.5 a 66.3 b 75.1 a 
Rebel Exeda (TF) 70.3 b 56.4 b 54.7 c 57.0 b 
RK4 (TF) 72.5 b 60.6 b 55.8 c 54.5 b 
 2017 
Diva (KBG) 88.0 a 75.4 a 84.4 a 69.2 b 
Geronimo (KBG) 75.3 c 61.1 b 77.8 b 64.5 c 
Rebel Exeda (TF) 82.1 b 60.0 b 83.0 a 82.8 a 
RK4 (TF) 81.4 b 60.7 b 83.2 a 81.6 a 
 
† Cultivars qualified by the TWCA for drought resistance were ‘Diva’ a Kentucky bluegrass 
cultivar, and ‘RK4’ a tall fescue cultivar. ‘Geronimo’ and ‘Rebel Exeda’ were cultivars of 
Kentucky bluegrass and tall fescue, respectively, not qualified by the TWCA. 
 
‡ Turfgrass quality was visually rated on a 1 to 9 scale with 1 being brown, dead, 6 being 
acceptable, and 9 being excellent, according to the National Turfgrass Evaluation Program 
protocols (NTEP.org). 
 
§ Within years and columns, means followed by the same letter are not significantly different 
according to Fisher’s protected LSD (P < 0.05). 
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Table 3-7. Effects of irrigation, cultivar, and drought resistance on turfgrass coverage in 2017. 
Irrigation treatment (% ETc)† Cultivar‡ Turfgrass coverage (%) 
100 
Diva 82.7 a§ 
Geronimo 70.2 d 
Rebel Exeda 77.1 bc 
RK4 78.4 bc 
80 
Diva 78.9 ab 
Geronimo 67.8 d 
Rebel Exeda 77.8 bc 
RK4 75.5 c 
50 
Diva 76.1 bc 
Geronimo 70.9 d 
Rebel Exeda 76.1 bc 
RK4 76.4 bc 
 
† Irrigation treatments represented levels of deficit irrigation replacing reference ET (ETo) 
multiplied by a crop coefficient (Kc) of 0.8 for cool-season turfgrass. This value represented crop 
ET (ETc). Before irrigation was applied, cumulative precipitation since the previous irrigation 
event was subtracted from ETc. 
 
‡ Cultivars qualified by the TWCA for drought resistance were ‘Diva’ a Kentucky bluegrass 
cultivar, and ‘RK4’ a tall fescue cultivar. ‘Geronimo’ and ‘Rebel Exeda’ were cultivars of 
Kentucky bluegrass and tall fescue, respectively, not qualified by the TWCA. 
 
§ Means followed by the same letter are not significantly different according to Fisher’s 
protected LSD (P < 0.05). 
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Figure 3-1. Daily reference evapotranspiration (ETo; mm) and precipitation (mm) for 2016. The trial began 6 June 2016 and ended 
30 Sept. 2016, running for seventeen weeks. Weather data collected from on-site weather station. 
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Figure 3-2. Daily reference evapotranspiration (ETo; mm) and precipitation (mm) for 2017. The trial began 5 June 2017 and ended 
30 Sept. 2017, running for seventeen weeks. Weather data collected from on-site weather station.   
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Figure 3-3. Observed cumulative monthly precipitation (mm) during the trial periods compared to 30-year historical monthly normal 
from 1981-2010 for precipitation. Trials began on 6 June in 2016, and on 5 June in 2017, and continued through end of September. 
Historical weather data obtained from onsite NOAA weather station (GHCND: USC00032444). 
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Figure 3-4. Soil moisture characteristic curve of the experimental area. This curve shows the relationship between soil moisture 
content (% vol.) and soil water potential (kPa), and the soil hydraulic conductivity (mm h-1). This curve was generated using the 
software program, Soil Water Characteristics (v. 6.02.74; USDA ARS, Pullman, WA), which required inputs of % sand, clay, and 
organic matter concentration in order to predict and graph the relationship.   
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Figure 3-5. Examples of turfgrass coverage as affected by deficit irrigation for each variety. These images are representative of the 
turfgrass coverage data in Table 3-7 for each cultivar and deficit-irrigation level. ‘Diva’ and ‘RK4’ are drought-resistant cultivars of 
Kentucky bluegrass and tall fescue, respectively, qualified by the TWCA. ‘Geronimo’ and ‘Rebel Exeda’ are cultivars of Kentucky 
bluegrass and tall fescue, respectively, not qualified by the TWCA.  
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Chapter IV. Kentucky Bluegrass Performance under Chronic Drought Stress 
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ABSTRACT 
 Kentucky bluegrass (Poa pratensis L.; KBG) is a perennial cool-season turfgrass 
commonly used in lawns. However, during the summer, KBG can decline in turfgrass quality 
under prolonged periods of drought stress. Previous research has demonstrated irrigating 
turfgrasses below levels of maximum crop evapotranspiration (ETc) may not result in 
unacceptable turfgrass quality. Previous studies have also demonstrated that KBG varieties 
vary in their drought resistance responses under chronic drought stress. It is unknown the range 
in deficit-irrigation levels to which drought-resistant and drought-sensitive varieties could 
maintain acceptable green turf coverage under prolonged chronic drought. Maximizing deficit 
irrigation without negatively affecting turfgrass aesthetics would greatly support water 
conservation efforts. The objective of this study was to investigate the performance differences 
between a drought-susceptible KBG variety (‘Snap’) and a drought-resistant cultivar (‘Mallard’) 
when both are supplied with variable amounts of deficit irrigation. Weekly irrigation replaced 
either 100, 80, 60, 50, or 40% ETc over a 90-day period for two growing seasons. Acceptable 
monthly turfgrass coverage was observed for ‘Mallard’ irrigated at 60% ETc, however 
acceptable monthly turfgrass coverage for ‘Snap’ irrigated at 100% ETc was not consistently 
observed. Final green turfgrass coverage, following prolonged chronic drought, for ‘Snap’ 
irrigated at 100 % ETc was predicted to be < 50% and ‘Mallard’ irrigated at 80% ETc was 
predicted to be > 50% in both years. These findings reinforce the importance of selecting 
drought-resistant turfgrasses in efforts to reduce water use and also utilizing deficit irrigation to 
reduce water use in lawns without negatively affecting turfgrass aesthetics.   
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INTRODUCTION 
As urbanization increases (United States Census Bureau, 2016) the use of turfgrass in 
the lawn is often scrutinized as a water-wasting component of a landscape (Bremer et al., 2015; 
Fender, 2006). As a result some municipalities encourage, or sometimes enforce, homeowners 
to remove turfgrass in their residential landscape in efforts to conserve water (St. Hilaire et al., 
2008; Devitt and Morris, 2008). This action not only removes the multitude of benefits derived 
from turfgrasses (Beard and Green, 1994), but it simultaneously fails to utilize the relative 
superior drought resistance and lower water requirements of turfgrasses compared to many 
other landscape plants (Beard, 1993; Beard and Green, 1994; Domenghini et al., 2013; Staats 
and Klett, 1995), and ignores recent research and breeding efforts demonstrating improvements 
in drought resistance among turfgrass cultivars. 
Utilization of drought-resistant turfgrass cultivars is a critical component in an array of 
recommended best management practices for efficiently irrigating a residential or commercial 
lawn (Carrow, 2006). A study by Hugie et al. (2012), reported that consumers consider the 
turfgrass irrigation requirement to be the most important low-maintenance attribute of turf, over 
eight other attributes and characteristics which included shade tolerance, color, mowing 
requirement and price. A study by Stoutenborough and Vedlitz (2014) observed the general 
public is in greater favor of legislation limiting water use in private and public lawns than 
conserving water in other areas such as household, industrial, and agricultural use. From these 
reported findings and observations, it is therefore important to evaluate and utilize turfgrasses 
which exhibit a low water requirement. Kneebone et al. (1992), define water requirements for 
turfgrasses as the water necessary to meet a performance standard (as opposed to a yield or 
production standard), and that there are differences in required minimum values which vary 
depending on the turfgrass species used. Independent organizations such as the National 
Turfgrass Evaluation Program (ntep.org), the Turfgrass Water Conservation Alliance (tgwca.org) 
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and private breeding groups work to screen and identify turfgrass cultivars for their superior 
drought resistance and investigate their water requirement under various irrigation regimes. 
One method to quantify the amount of water turfgrasses need is by using local weather 
data to estimate potential water loss from the soil-plant-atmosphere continuum, thus 
representing reference evapotranspiration (ETo). The weather data is compiled into 
mathematical models, such as the FAO-56 Penman-Monteith equation (Allen et al., 1998), 
which corresponds to a reference crop, and represents a reference evapotranspiration value 
(Allen et al., 1998; Leinauer and Green, 2011). The water losses from turfgrasses are typically 
overestimated by ETo, thus ETo can be multiplied by a species-specific crop-coefficient (Kc). 
Crop coefficients typically replenish the turf rootzone with amounts water that are less than the 
water lost by ETo. Crop coefficients are defined as the ratio of actual crop evapotranspiration to 
ETo, representing a percentage of the reference value, and can depend on parameters such as 
ET referenced (i.e., mathematical model utilized), quality expectations, season, turfgrass 
species, maintenance factors, and climate conditions (Allen et al., 1998; Leinauer and Green, 
2011). Previous research suggests Kc values of 0.8 for cool-season turfgrasses and 0.7 for 
warm-season turf (Meyer et al., 1985; Devitt and Morris, 2008). Furthermore, multiplying the ETo 
by the Kc results in a crop evapotranspiration estimate (ETc) wherein irrigation volume is based 
upon turf species and ETo (Allen et al., 1998).  
A best management practice contributing towards water conservation, is improving 
irrigation scheduling (Carrow, 2006). Irrigating turfgrasses using ETc is a method to carry-out 
this practice, and is also referred to as deficit irrigation (Shearman, 2008), as turfgrasses are 
irrigated using applications less than the maximum water loss (e.g., < 100% ETo). Previous 
research has observed utilizing deficit irrigation for watering turfgrasses does not necessarily 
result in significant loss of acceptable turfgrass quality and function and can be an effective way 
to conserve water (Shearman, 2008; Leinauer and Green, 2011; Feldhake et al., 1984; Gibeault 
et al., 1985). 
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During the summer months, cool-season turfgrass species, such as Kentucky bluegrass 
(Poa pratensis L.; KBG) a widely-used species in lawns, become susceptible to drought stress 
under higher temperatures (≥ 30°C), and increased evapotranspiration (ET) rates. Additionally, 
precipitation may be less frequent and / or insufficient in replacing amounts of moisture lost due 
higher ET rates. Under increased ET rates, cool-season turfgrasses may close their stomata in 
efforts to conserve water; consequentially CO2 becomes unavailable to the turf resulting in a 
reduction in photosynthesis and overall plant growth. Additionally, KBG may undergo a summer 
dormancy in efforts to conserve water and survive the drought stress (Huang, 2008). The 
dormancy does not result in the death of the turfgrass, as KBG has shown to readily recover 
and resume growth once moisture is replenished to the rootzone (Fry and Huang, 2004), 
however it does result in a loss of turfgrass quality, or desired aesthetics, as the foliage exhibits 
a straw, brown color during the dormancy period. It is therefore beneficial to select and utilize 
drought-resistant varieties in efforts to conserve water and simultaneously maintain the lawn at 
acceptable levels of turfgrass quality.  
Previous research has reported different cool-season turfgrass species and varieties 
exhibit a range of aesthetic, morphological, and physiological responses to drought stress. 
These responses are indicated by their prolonged ability to maintain green canopy coverage, or 
their ability readily recover (i.e., resume green coverage) once moisture is again available 
through rainfall or irrigation. Interspecific studies have evaluated KBG against other turfgrass 
species under various drought-stress regimes and environmental conditions. Previous studies 
have conducted interspecific comparisons of KBG to hybrid bluegrass (Poa arachnifera Torr. × 
Poa pratensis L.; (HBG)). Hybrid bluegrass is a cross between KBG and Texas bluegrass (Poa 
arachnifera Torr.) and in some instances may exhibit improved turf quality or drought resistance 
compared to KBG under higher temperatures and prolonged drought stress, as Texas bluegrass 
is more tolerant of heat and drought stress than KBG (Abraham et al., 2004; Su et al., 2007; 
Suplick-Ploense and Qian, 2005). However, some studies have observed negligible differences 
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in drought resistance between varieties of HBG and KBG (Abraham et al., 2008; Su et al., 2008, 
Su et al., 2009), or in some cases, KBG exhibiting superior drought tolerance to HBG (Bremer 
et al., 2006; Richardson et al., 2009; Richardson et al., 2012). These results suggest certain 
varieties of KBG or HBG may exhibit superior drought resistance to other cool-season cultivars 
or species. 
Intraspecific studies have examined KBG varieties under various drought-stress 
regimes, in efforts to identify superior drought-resistant varieties. These studies have reported a 
range in green coverage among KBG varieties during dry-down and have identified cultivars 
that not only retain green color longer, but also recover sooner than other KBG varieties once 
drought stress is alleviated. Under various drought stress protocols, previous studies have 
reported differences among KBG cultivars in terms of their ability to maintain green coverage 
under acute drought stress (Goldsby et al., 2015; Richardson et al., 2008), or the supplemental 
irrigation required to maintain green cover under chronic drought stress (Bushman et al., 2012; 
Lewis et al., 2012) These findings suggest certain KBG cultivars exhibit superior drought 
resistance compared to other KBG varieties. It would therefore be beneficial and important to 
utilize improved KBG cultivars in turfgrass lawns in order to efficiently conserve water. 
While these studies have also reported a range in KBG water requirements and drought 
resistance both inter- and intraspecifically, currently there remains a lack of understanding of the 
impact of using Kc values in intraspecific field comparisons during the summer season when 
drought stress is most severe. To date there is a lack of research investigating existing variation 
within KBG cultivars under continuous chronic drought stress utilizing a broad range of ETc 
values, wherein subsequent deficit-irrigation levels, which produce acceptable turf quality, 
potentially vary under such conditions. With recent genetic and breeding improvements, 
drought-resistant KBG cultivars, could require less water and still maintain acceptable quality 
when subjected to deficit irrigation using lower Kc values. Utilizing deficit irrigation to water 
drought-resistant KBG would contribute greatly in efforts towards conserving water, while still 
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maintaining a quality lawn. In this study we hypothesized that drought-resistant KBG would 
exhibit greater quality than drought-sensitive KBG under prolonged chronic drought stress. 
Therefore the objectives of this research were to investigate the performance differences 
between a drought-sensitive KBG variety and drought-resistant KBG cultivar when both are 
supplied with variable amounts of deficit irrigation. 
 
MATERIALS AND METHODS 
Experimental area 
This 90-day study was conducted in two consecutive years in Albany, OR beginning on 
15 June in 2015 and 13 June in 2016. The trial was conducted under a rainout structure 
(Oregon Valley Greenhouse, Aurora, OR) on a Woodburn silt loam (fine-silty, mixed, 
superactive, mesic, Aquultic Argixerolls). The rainout structure had open sided hoops and peak 
vents and the top of the structure was covered with 6-mil, UV-treated clear plastic allowing 91% 
light transmission (Oregon Valley Greenhouse, Aurora, OR), and was replaced between study 
years. 
 
Cultivar treatments 
Two Kentucky bluegrasses were evaluated in this study, the KBG cultivar ‘Mallard’ and a 
drought-sensitive, standard variety ‘Snap’. The KBG cultivar ‘Mallard’ originated as a selection 
from the open-pollinated progeny of ‘Unique’ which is in the Compact-America phenotype group 
(Bonos, 2000; Bonos et al., 2012; Keeley and Koski, 2001; Lewis et al., 2012; Park et al., 2005). 
‘Mallard’ is also comparable to the KBG cultivar ‘Midnight’ in terms of its turfgrass quality and 
disease resistance (Bonos et al., 2012). ‘Mallard’ and ‘Snap’ were selected for this study based 
on results from a previous study wherein ‘Mallard’ and ‘Snap’ were identified as drought 
resistant and sensitive, respectively (D. Hignight, unpublished data, 2017). 
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‘Mallard’ and ‘Snap’ were each seeded in their own 1.0 m2 plot (1.0 × 1.0 m) in Sept. 
2014 and were watered to maintain turfgrass at optimum quality. The experimental area was 
mowed three times weekly maintained at a height 3.8 cm. The experimental area was fertilized 
using a 19-3-16 fertilizer (Perfection Royal Green, Wilbur-Ellis Co., Yakima, WA) at the rate of 
49 kg N ha-1 once in the fall of 2014, and once each spring, approximately one month prior to 
the trial initiation, and once again in the fall after the trial concluded each year. A preventative 
fungicide program (azoxystrobin [a.i.], 0.3 kg a.i. ha-1) was utilized in the spring of each trial year 
to ensure all visual discoloration and/or turfgrass injury would be attributed to drought stress and 
unaffected by disease pressure. 
 
Irrigation treatments 
Prior to initiation of the study, all plots were irrigated with 51 mm of water to eliminate 
any dry areas and impose uniform moisture conditions. Local weather data were collected using 
a Davis Vantage Pro 2 #6312 weather station (Hayward, CA). Irrigation treatments were based 
on ETc, which was ETo from the local weather data and multiplied by a Kc value of 0.8 (Allen, 
1998). The deficit irrigation treats replaced either 100%, 80%, 60%, 50%, or 40% of ETc; which 
corresponds to 80%, 64%, 48%, 40%, or 32% of ETo, respectively. Irrigation was applied twice 
weekly, on Mondays and Thursdays. The ETc data were calculated on the morning of irrigation 
replacement with Monday waterings replacing ETc from the previous Thursday through Sunday, 
and Thursday waterings replacing ETc from the previous Monday through Wednesday. The 
volume of water required for each ETc treatment was determined on each watering date. The 
amount of water needed for each plot was precisely measured using a graduated cylinder, 
which was then transferred into a watering can to evenly apply the water to the plot area. The 
water was applied within a 0.4 m2 (0.7 x 0.6 m) metal frame inside each 1 m2 plot. The frame 
prevented water from escaping the plot being watered, and the frame was held in place until all 
the water was absorbed before moving to the next plot.  
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Data collection and statistical analysis 
The two Kentucky bluegrasses and five deficit irrigation treatments were arranged in a 
randomized complete block factorial design containing five replications of each cultivar x 
irrigation treatment. Percent green turfgrass coverage was measured using digital image 
analysis (Richardson et al., 2001), using a Canon Powershot G12 camera (Melville, NY) prior to 
watering on Mondays and Thursdays. Coverage data were averaged over each month of the 
trial for each plot and then analyzed using SAS v. 9.3 (SAS Institute Inc. Cary, NC). Data were 
subjected to repeated measures analysis of variance using the Proc Mixed function using α = 
0.05. Treatment means were separated using Fisher’s protected least significant difference test 
(P < 0.05). 
A sigmoidal non-linear regression analysis model was used on green turfgrass coverage 
and cumulative ETo (ΣETo) data to estimate each treatment’s final green coverage following 
prolonged chronic drought stress. Regression analysis was performed using Prism 7.0 software 
(GraphPad Software, La Jolla, CA). The data were fit to the sigmoid variable slope model: green 
turfgrass coverage (%) = (100 – Bottom)/ [1+10(ET50- ΣETo) x Slope] where Bottom, ET50 and Slope 
were estimated model parameters. Bottom is the predicted lower asymptote, which represented 
the final percent green turf coverage under prolonged chronic drought. ET50 was estimated to be 
the amount of ΣETo until a treatment had dropped halfway to its final green turf coverage. The 
Slope parameter defined how quickly turfgrass coverage changed over time (i.e., with 
increasing ΣETo) with more negative values representing steeper slopes of the sigmoid curve. 
 
RESULTS AND DISCUSSION 
Similar to previous intraspecific KBG drought studies, significant differences in green 
turfgrass coverage were observed between ‘Mallard’ and ‘Snap’ under the various irrigation 
regimes, including at 100% ETc, during both trial periods. During each year there was a 
significant three-way-interaction between cultivar, irrigation, and month (Table 4-1), so only 
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these higher-order effects will be discussed. From visual inspection of ‘Mallard’ and ‘Snap’ in a 
previous acute drought stress study (D. Hignight, unpublished data, 2017) it was determined 
50% green turfgrass coverage corresponded to minimum acceptable coverage for a KBG home 
lawn under acute drought stress  (Fig. 4-1). Throughout the present study, variation in 
acceptable turfgrass coverage was observed between ‘Mallard’ and ‘Snap’ under the deficit 
irrigation treatments (Fig. 4-2). 
In 2015, turfgrass coverage declined below the acceptable level in ‘Mallard’ irrigated at, 
or below, 50% ETc in August and September (Table 4-2). For ‘Snap’, below-acceptable 
turfgrass coverage was observed under all irrigation levels from July through September, with 
the exception of ‘Snap’ irrigated at 100% ETc in September (Table 4-2). During June and July in 
2015 irrigating ‘Snap’ at 100% ETc resulted in significantly lower turfgrass coverage than 
‘Mallard’ irrigated at 40% ETc during those months (Table 4-2). During September, ‘Mallard’ 
irrigated at 100% ETc was significantly greater in turfgrass coverage compared to ‘Snap’ under 
all irrigation levels (Table 4-2). Irrigating ‘Snap’ at 100% ETc resulted in similar green turfgrass 
coverage as irrigating ‘Mallard’ at 60% ETc during this time (Table 4-2). At 100% ETc ‘Mallard’ 
had 36% significantly greater green turf cover than ‘Snap’ at the end of the 2015 trial (Table 4-
2). Acceptable turf coverage was observed throughout the entire 2015 trial period in ‘Mallard’ 
irrigated at 60% ETc whereas acceptable coverage was only observed in ‘Snap’ irrigated at 
100% ETc during June and September (Table 4-2). 
Acceptable turf coverage was observed throughout the entire 2016 trial period irrigating 
‘Mallard’ at 60% ETc whereas acceptable coverage was only observed in ‘Snap’ irrigated at 40 
and 50% ETc during June and July, respectively (Table 4-3). Turfgrass coverage in 2016 
declined below acceptable in ‘Mallard’ at 50% ETc beginning in August (Table 4-3). ‘Snap’ 
irrigated at 100% ETc resulted in below-acceptable turfgrass coverage in August and September 
(Table 4-3). From June through August in 2016, irrigating ‘Mallard’ at 60% ETc resulted in 
significantly greater turfgrass coverage than irrigating ‘Snap’ at 100% ETc; by the end of the 
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trial, ‘Mallard’ irrigated at 60% ETc was slightly greater in green turfgrass coverage than ‘Snap’ 
irrigated at 100% ETc (Table 4-3). These results demonstrate irrigating drought-resistant KBG 
varieties at lower Kc values such as 60% ETc, results in similar green turfgrass coverage as 
irrigating a drought-sensitive variety at 100% ETc during the same time period under the same 
environmental conditions. These findings represent tremendous implications for water 
conservation and emphasize the importance of utilizing improved KBG varieties. 
Upon interpretation of these turfgrass coverage results, one must consider the impact of 
the local weather during the trial period. Daily maximum temperatures in 2015 and 2016 were 
frequently greater than the 30-year historical normal (Fig. 4-3). These above-average 
temperature effects potentially explain why reductions in green turfgrass coverage were 
observed even under 100% ETc irrigation during each trial period. 
Following 90 days of chronic drought each year, the final, or stabilized, green turf 
coverage (%) was predicted using non-linear regression for ‘Mallard’ and ‘Snap’ under each 
irrigation regime (Tables 4-4 and 4-5). As cumulative ETo increased each year, differences were 
observed between the ‘Mallard’ and ‘Snap’ in terms of their dry-down rate (i.e., reductions in 
green turf cover) under each irrigation treatment (Fig. 4-4). Turfgrass coverage for ‘Mallard’ 
irrigated at 60% ETc stabilized above acceptable as cumulative ETo increased, however green 
turfgrass coverage stabilized below the acceptable level irrigating ‘Snap’ at 100% ETc in 2015 
(Table 4-4). Similar results in stabilized green turfgrass coverage were observed for ‘Snap’ in 
2016; however ‘Mallard’, irrigated at 80% ETc resulted in green turf coverage stabilizing above 
an acceptable level (Table 4-5). These predicted findings suggest if homeowners are willing to 
accept some visual wilt symptoms, irrigating a drought-tolerant KBG cultivar, such as ‘Mallard’, 
at 50% ETc requires less water to achieve the same result as irrigating a drought-sensitive KBG 
at 100% ETc during prolonged chronic drought. 
The findings of this study support our hypothesis that drought-resistant KBG would 
perform better than drought-sensitive KBG under prolonged chronic drought stress. At this time, 
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it remains unknown why there were such great differences were observed between ‘Mallard’ 
and ‘Snap’ under the various irrigation regimes. Ervin and Koski (1998) reported KBG irrigated 
every three days using a Kc of 0.7 maintained acceptable turfgrass quality in Colorado. The 
findings of this study also support using crop coefficients < 0.8 for irrigating drought-resistant 
KBG, as ‘Mallard’ maintained minimum levels of acceptable quality when irrigated every three to 
four days in Oregon irrigated using a KC < 0.8. Using a Kc of 0.8 may not be suitable for all KBG 
varieties, such as in the case of ‘Snap’. 
Previous research has associated improved drought resistance in KBG cultivars with 
greater leaf dehydration tolerance, higher proportions of unsaturated fatty acids (Xu et al., 
2011), and greater accumulation of specific proteins (Xu and Huang, 2010). Other intraspecific 
KBG studies have observed differences in drought resistance among KBG with regards to 
rooting, (Bonos and Murphy, 1999; Ebdon and Kopp, 2004), transpirational cooling (Bonos and 
Murphy, 1999; Ebdon and Kopp, 2004; Perdomo, 1996), cell membrane stability (Huang and 
Wang, 2005) and other physiological responses (Liu et al. 2015; Wang and Huang 2004). It 
would be of further interest to investigate if these same physiological differences are observed 
between ‘Mallard’ and ‘Snap’, which could potentially explain why significant differences in 
turfgrass coverage were observed throughout each trial when both varieties were irrigated at 
100% ETc. Further study of physiological traits such as, protein accumulation and fatty acid 
concentrations, could assist for breeders and geneticists in the development of drought-resistant 
KBG cultivars. 
Selecting drought-resistant turfgrass cultivars can reduce environmental impacts of 
water demand, and also reduce financial costs of lawn maintenance. Irrigating at 100% ETc 
resulted in cumulative totals of 391 and 373 mm of water applied in 2015 and 2016, 
respectively; whereas irrigation at 60% ETc resulted cumulative totals of 234 and 224 mm of 
water applied in 2015 and 2016, respectively (data not shown). As of 01 Mar. 2018, the monthly 
cost of water in Albany, OR, utilizes a consumption rate $3.20 / 2.8 m3 (100 ft3) of water (D. 
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Hignight, personal communication, NexGen Turf Research LLC, 2018). By comparing these 
observed water usage reductions (irrigation at 100% ETc vs. 60% ETc) in a hypothetical irrigated 
0.1 ha turfgrass lawn scenario, irrigating at 60% ETc during the 90 day-period would have 
required 236.4 and 226.1 m3 of water in 2015 and 2016, respectively; which would have resulted 
in a cost savings of $180.07 and $171.36 in 2015 and 2016, respectively, compared to irrigating 
at 100% ETc. These projected financial savings of $60 to $70 each month, along with the 
observed visual results, provide tremendous implications toward not only saving money, but 
also toward maintaining a KBG lawn at an acceptable visual quality while reducing water use. 
This research demonstrates the importance of selecting drought-resistant cultivars as 
water for lawn irrigation could potentially become more regulated, limiting, or expensive. 
Irrigating drought-resistant KBG below 100% ETc can potentially provide acceptable green 
turfgrass coverage throughout a majority of the summer’s duration and lead to substantial 
financial savings without compromising turfgrass quality. While homeowners and turfgrass 
managers may not be able to quantify ETo, improvements in residential irrigation systems, such 
as utilizing smart- or evapotranspiration-controllers, would allow these crop coefficients to be 
directly programmed into the irrigation schedule. Therein homeowners and turfgrass managers 
could adjust their irrigation timers using percentages of the calculated ETo information. Using 
deficit irrigation in drought-resistant turfgrass lawns leads to not only maintaining acceptable 
green coverage, but also toward significantly reducing water use and subsequent utility costs 
associated with irrigation. As new, improved drought-tolerant cultivars continue to be identified, 
it remains imperative that turfgrass managers and homeowners implement these cultivars in 
their lawns to effectively reduce water-use while maintaining their turf at an acceptable quality. 
Future research should investigate the effects of chronic drought stress using these crop-
coefficients in other regions of the country, perhaps on coarser or finer textured soils and using 
other cool-season species such as tall fescue (Festuca arundinacea (Schreb.)) which are 
commonly used in home lawns.  
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TABLES AND FIGURES 
Table 4-1. Analysis of variance for green turfgrass coverage in 2015 and 2016. 
Source of variation 2015  2016 
 Prob > F 
Cultivar <0.0001 <0.0001 
Irrigation <0.0001 <0.0001 
Cultivar × irrigation 0.7500 0.1432 
Month <0.0001 <0.0001 
Cultivar × month <0.0001 <0.0001 
Irrigation × month <0.0001 <0.0001 
Cultivar × irrigation × month 0.0005 0.0002 
 
 
Table 4-2. Monthly green turfgrass coverage (%) on Kentucky bluegrasses under deficit 
irrigation in 2015. 
 
 
† Numerical values represent percentage of crop evapotranspiration (ETc) using a crop 
coefficient (Kc) of 0.80 for cool-season turfgrass. 
 
‡ Within columns, means followed by the same letter are not significantly different according to 
Fisher’s protected LSD (P < 0.05).  
 Cultivar Irrigation† June July Aug. Sept. 
  -------------- Green turfgrass coverage (%) -------------- 
Mallard 100 92.8 a‡ 80.9 a 68.4 a 76.3 a 
Mallard 80 92.3 a 75.9 b 60.3 a 64.5 b 
Mallard 60 90.3 a 66.0 b 50.1 b 54.2 c 
Mallard 50 91.2 a 65.9 b 41.2 c 43.6 d 
Mallard 40 88.1 a 50.1 c 27.5 d 27.9 ef 
Snap 100 77.3 b 34.4 d 40.3 c 56.2 bc 
Snap 80 76.6 b 31.6 de 28.6 d 35.3 de 
Snap 60 78.6 b 28.7 de 16.8 e 20.5 fg 
Snap 50 77.7 b 23.3 e 12.1 ef 17.5 g 
Snap 40 65.6 c 14.1 f 6.0 f 8.4 h 
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Table 4-3. Monthly green turfgrass coverage (%) on Kentucky bluegrasses under deficit 
irrigation in 2016. 
 
 
† Numerical values represent percentage of crop evapotranspiration (ETc) using a crop 
coefficient (Kc) of 0.80 for cool-season turfgrass. 
 
‡ Within columns, means followed by the same letter are not significantly different according to 
Fisher’s protected LSD (P < 0.05).
Cultivar Irrigation† June July Aug. Sept. 
  -------------- Green turfgrass coverage (%) -------------- 
Mallard 100 96.4 a‡ 93.2 a 70.3 a 67.3 a 
Mallard 80 97.2 a 94.4 a 68.8 a 63.2 a 
Mallard 60 96.8 a 91.5 a 54.2 b 49.6 b 
Mallard 50 96.4 a 88.0 a 45.0 c 34.0 c 
Mallard 40 96.5 a 87.2 a 39.9 c 28.8 c 
Snap 100 83.9 b 76.7 b 38.8 c 47.8 b 
Snap 80 80.1 b 70.8 bc 24.9 d 27.1 c 
Snap 60 78.3 b 65.4 c 14.4 e 13.9 d 
Snap 50 78.9 b 62.4 c 12.9 e 9.2 de 
Snap 40 78.1 b 43.0 d 6.3 e 4.4 e 
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Table 4-4. Non-linear regression parameters for predicting green turfgrass coverage in 2015. 
 
 
† Numerical values represent percentage of crop evapotranspiration (ETc) using a crop 
coefficient (Kc) of 0.80 for cool-season turfgrass. 
 
‡ ET50 values represent millimeters of ET lost until a treatment had gone from 100% green turf 
cover to 50% of final percent green turf coverage. 
 
§ Bottom is the predicted lower asymptote from non-linear regression, which represents the final 
stabilized green turf coverage (%) following prolonged chronic drought. Confidence intervals 
(95%) are indicated parenthetically.  
Cultivar Irrigation† R2 Slope ET50 (mm)‡ Bottom§ 
Mallard 100 0.78 - 0.19 150.9 70.3 (± 1.43) 
Mallard 80 0.83 - 0.19 162.6 60.7 (± 1.75) 
Mallard 60 0.70 - 0.20 147.1 50.4 (± 3.00) 
Mallard 50 0.89 - 0.18 177.8 39.7 (± 2.41) 
Mallard 40 0.94 - 0.20 149.6 26.4 (± 1.80) 
Snap 100 0.58 - 0.39 74.4 39.5 (± 2.56) 
Snap 80 0.81 - 0.28 91.4 26.4 (± 2.14) 
Snap 60 0.93 - 0.25 110.5 15.5 (± 1.66) 
Snap 50 0.92 - 0.30 102.4 13.8 (± 1.69) 
Snap 40 0.90 - 0.29 79.5 6.94 (± 1.73) 
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Table 4-5. Non-linear regression parameters for predicting green turfgrass coverage in 2016. 
 
 
† Numerical values represent percentage of crop evapotranspiration (ETc) using a crop 
coefficient (Kc) of 0.80 for cool-season turfgrass. 
 
‡ ET50 values represent millimeters of ET lost until a treatment had gone from 100% green turf 
cover to 50% of final percent green turf coverage. 
 
§ Bottom is the predicted lower asymptote from non-linear regression, which represents the 
stabilized green turf coverage (%) following prolonged chronic drought. Confidence intervals 
(95%) are indicated parenthetically. 
  
Cultivar Irrigation† R2 Slope ET50 (mm)‡ Bottom§ 
Mallard 100 0.82 - 0.19 264.2 61.0 (± 4.09) 
Mallard 80 0.90 - 0.22 281.9 56.7 (± 3.24) 
Mallard 60 0.82 - 0.24 261.6 42.6 (± 5.01) 
Mallard 50 0.88 - 0.21 261.6 27.4 (± 5.79) 
Mallard 40 0.95 - 0.22 254.0 23.3 (± 3.39) 
Snap 100 0.70 - 0.13 194.3 34.0 (± 8.28) 
Snap 80 0.82 - 0.11 214.4 11.2 (± 10.32) 
Snap 60 0.92 - 0.12 203.5 0.56 (± 3.44) 
Snap 50 0.94 - 0.14 190.8 < 0.01 (± 2.21) 
Snap 40 0.91 - 0.17 141.0 0.58 (± 2.10) 
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Figure 4-1. Sample green turfgrass coverage values of ‘Mallard’ and ‘Snap’ subjected to acute 
drought stress in a previous study (D. Hignight, unpublished data, 2017). From the results of 
that study, an acceptable turfgrass coverage threshold was determined to be at 50% green 
coverage at the initiation of the current study. 
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Figure 4-2. ‘Mallard’ and ‘Snap’ under the deficit irrigation treatments at 45 days after trial 
initiation in 2016. The entire trial ran for 90 days from June – Sept. Deficit irrigation treatments 
were applied twice weekly using these percentages of crop evapotranspiration (ETc). Crop 
evapotranspiration was calculated by multiplying reference evapotranspiration by a crop-
coefficient value of 0.8 for cool-season turfgrass. 
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Figure 4-3. Daily maximum temperatures (°C) observed during the trial periods compared to the 
30-year historical normals from 1981-2010 for daily maximum temperature. Trial began on 15 
June in 2015, and on 13 June in 2016, continuing for 90 days each year. Historical weather data 
obtained from nearby NOAA weather station (ID: USC00351862). 
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Figure 4-4. Predicted dry-down regression curves illustrating final green coverage following 90 
days of various drought intensities. Numerical values beside cultivar treatments represent 
percentage of crop evapotranspiration. Crop evapotranspiration was calculated by multiplying 
reference evapotranspiration by a crop coefficient value of 0.8 for cool-season turfgrass. 
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Chapter V. The Impacts of Irrigation Frequency and Deficit Irrigation during the 
Establishment of Cool-season Turfgrasses from Seed 
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ABSTRACT 
 Previous research has demonstrated turfgrasses are not required to be irrigated daily to 
maintain acceptable quality, and that deep, infrequent irrigation can improve turfgrass rooting. 
Irrigation restrictions typically do not apply during the first month for a establishing a lawn; 
however, it is unknown how irrigation frequency affects establishment of seeded turfgrass 
during the first two months after seeding. University extension recommendations often provide 
general details for irrigation during the establishment period, which may lead to more water 
being used than necessary. Therefore, two studies were conducted where the objective of the 
first study was to evaluate the influence of irrigation frequency for establishing perennial 
ryegrass (Lolium perenne L.), tall fescue (Festuca arundinacea (Schreb.)), and Kentucky 
bluegrass (Poa pratensis L.) varieties, varying in drought resistance, from seed, and the 
objective of the second study was to evaluate the impact of deficit irrigation during the first 28 
days of establishment of seeded tall fescue cultivars varying in drought resistance. Some 
drought-resistant varieties irrigated every two or three days became established at a similar rate 
as drought-sensitive varieties irrigated daily. Tall fescue varieties irrigated daily at 75% of 
reference evapotranspiration (ETo) became established similar to tall fescue irrigated at 100% 
ETo, and drought resistance did not influence turfgrass coverage under deficit irrigation during 
establishment. Drought-resistant varieties irrigated infrequently could become established at 
rates similar to when irrigated daily, which could prove useful should irrigation practices become 
more restricted when establishing a lawn from seed. Closely monitoring ETo during the 
establishment phase can conserve water without compromising the success of establishing TF 
from seed.  
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INTRODUCTION 
Water is one of the essential environmental requirements for turfgrass growth and 
development and is an important component of all physiological processes. A majority of water 
absorbed by the plant is used in transpirational cooling and movement of nutrients and minerals 
through the vascular system, with only 1 to 3% of the absorbed water actually being used in 
metabolic processes (Beard, 1973; Fry and Huang, 2004). Water is a very important, essential 
component from the very beginning stages of turfgrass growth; particularly in the process of 
seed germination. The initial processes involved in seed germination are water imbibition, 
followed by enzyme activation, mitosis, and cell elongation. As a result, the enlargement of the 
coleorhiza and the coleoptile give way to the initial turfgrass root (radicle) and shoot (plumule), 
respectively (Beard, 1973). Water plays a critical role in turfgrass establishment since 
absorption of water through imbibition and osmosis is the first physiological step in seed 
germination. Water functions in softening and swelling of the seed which facilitates the entrance 
of oxygen and dilutes the protoplasm; once the protoplasm is sufficiently moist, normal 
digestion, respiration, and assimilation processes are activated (Beard, 1973). Starch, 
hemicellulose, fats, and proteins are stored within the seed in insoluble forms; these stored 
components are digested by enzymes to soluble carbohydrates which are transferred from the 
seed endosperm to the radicle and plumule (Beard, 1973). Once solar radiation contacts 
chlorophyll-bearing tissue in the plumule, these soluble carbohydrates are transferred from the 
seed’s storage reserves to the young leaves, wherein the photosynthetic process begins in the 
seedling. 
There is limited information in terms of direct, specific irrigation requirements for 
establishing turfgrasses from seed. For homeowners and turfgrass managers, 
recommendations are often found in local university extension bulletins and publications. 
However, instructions for watering during establishment are often vague and general in terms of 
the required irrigation frequency and volume. Examples of current extension recommendations 
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include: “new [turfgrasses] require light, daily irrigation for several weeks after seeding” 
(Samples and Sorochan, 2007), “[the lawn] probably needs regular, sometimes daily irrigation. 
The soil should be moist at all times, but not excessively wet …, which can be accomplished by 
light, frequent irrigation…” (Landschoot, 2018), “the upper 1-inch of soil should be kept moist 
with frequent irrigation for the first two or three weeks” (Patton and Boyd, 2007), and “Maintain a 
moist seedbed with light, frequent irrigation until plants mature to a point where irrigation 
frequency can be reduced and amount increased.” (Patton et al., 2008). 
While these are all sound principles, none of these recommendations attempt to provide 
specific irrigation amounts during establishment. The interpretation of these recommendations is 
often left in the hands of homeowners, who have already been noted to overuse water (Beard, 
1993; Bremer, 2012). Thus, it remains imperative to quantify an actual irrigation requirement for 
establishing turfgrasses from seed so that these instructions can be improved upon, and more 
direct or specific with regards to irrigation volumes during establishment. 
There have been a few studies examining different irrigation practices for establishing 
various turfgrass species from seed. Serena et al. (2012) investigated the establishment of 
Kentucky bluegrass (Poa pratensis L.; KBG), tall fescue (Festuca arundinacea Schreb.; TF), 
perennial ryegrass (Lolium perenne L.; PRG), hybrid bermudagrass (Cynodon dactylon [L.] 
Pers. x Cynodon transvaalensis Burtt-Davy), and seashore paspalum (Paspalum vaginatum O. 
Swartz) irrigated daily at 100% ETo in the fall and spring using saline or potable water in Las 
Cruces, NM. In the fall seeding warm-season species required the greatest number of days to 
reach 95% turf coverage, while KBG and PRG reached 95% turf cover faster than TF. In the 
spring seeding, bermudagrass required the lowest number of days to reach 95% turf cover and 
KBG required the greatest number of days to reach the same threshold, however all of the 
turfgrasses established quicker in the spring seeding than in the fall regardless of water quality, 
and saline water resulted in turfgrasses reaching 95% turfgrass coverage 26 days faster on 
average compared to irrigation using potable water during the spring. The results of the study 
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showed interspecific variation in establishment rate among cool and warm-season turfgrass 
species propagated by seed, irrigating daily at 100% ETo during the spring and fall. 
Another study in Las Cruces, NM (Schiavon et al., 2012) examined the effects of seeding 
date, water quality, and irrigation system on the establishment of bermudagrass and seashore 
paspalum from seed. They observed that seeding date, irrigation system, and water quality did 
not affect establishment between the two species and they also observed seeding in March 
resulted in turfgrasses reaching 75% turfgrass coverage faster and greater overall coverage by 
the end of the trial. Regardless of water quality and seeding date, they also observed that using 
sprinkler irrigation resulted in greater turfgrass coverage than using subsurface-drip irrigation. 
Another study by Schiavon et al. (2015), compared the establishment of bermudagrass and 
seashore paspalum from seed and irrigated daily at 100% ETo using either overhead sprinkler or 
subsurface-drip irrigation. In both California and New Mexico they observed higher germination 
rates using overhead sprinkler irrigation. By the end of the growing season full turfgrass 
coverage was observed among both seeding dates and irrigation methods in California, and in 
New Mexico using overhead sprinkler irrigation; however, only 75% ground cover was observed 
for grasses seeded in May using the subsurface-drip irrigation in New Mexico.  
Schiavon et al. (2013), investigated the establishment of seeded TF and KBG using 
potable or saline water using subsurface capillary irrigation or sprinkler irrigation systems with 
irrigation applied daily at 120% ETo. They observed similar results as Schaivon et al. (2015) 
wherein salinity did not significantly effect turfgrass coverage and sprinkler irrigation resulted in 
achieved greater turfgrass coverage by the end of the establishment period. Peacock (2001), 
evaluated the minimum irrigation requirements for establishing tall fescue from sod, seed, and 
hydroseeding during the spring and summer using a linear gradient irrigation system. During the 
summer, sod was established with daily irrigation replacing 80% of potential ET while 200% of 
the potential ET was required during the spring period to establish sod. Acceptable turfgrass 
coverage was not observed during the spring and summer using the seeding or hydroseeding 
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methods, regardless of irrigation volume, which was attributed to significant heat stress during 
the summer, and severe weed pressures observed during the spring. 
While these studies have demonstrated irrigating various turfgrasses at 100%, or more, of 
daily ETo during establishment, it is important to note that most of these studies have been 
conducted in arid and semi-arid climates on sandy loam soils. It is unknown if turfgrasses can 
be established from seed using deficit irrigation in a more humid environment on finer-textured 
soils. It is also unknown if irrigation volumes replacing less than 100% ETo (i.e., deficit 
irrigation), would affect the establishment of turfgrass seedlings. 
At the present time, irrigation restrictions and landscape watering ordinances typically do 
not apply to homeowners during the first 14 to 30 days of establishing a lawn (City of Edina, 
2018; City of Andover, 2014; City of Fort Worth, 2014), so they are free to water daily without 
penalty. Previous studies have evaluated effects of irrigation frequency and the use of deficit 
irrigation on well-established turf and have demonstrated deep, infrequent irrigation does not 
negatively affect turfgrass quality and can result in deeper turfgrass rooting (Brown et al., 2004; 
Fry and Butler, 1989; Fu et al., 2004; Richie et al., 2002). At this time it remains unknown how 
irrigation frequency affects the rate at which turfgrasses establish from seed. 
Selecting turfgrass cultivars that have demonstrated improved drought resistance is an 
important best management practices in water conservation efforts. Organizations, such as the 
Turfgrass Water Conservation Alliance (tgwca.org; TWCA), help inform consumers and sod 
producers of turfgrass varieties that have demonstrated superior drought resistance (Karlin, 
2018). The TWCA is an alliance of breeders, seed companies, and university scientists who 
work to identify and promote drought-resistant cultivars using testing protocols and objective 
evaluation methods and quantitative assessments, such as digital image analysis (Karcher and 
Richardson, 2013; Richardson et al., 2001). Previous studies have observed well-documented 
differences in drought resistance among turfgrasses under deficit irrigation at maturity (Sandor, 
2018); however, it is unknown if differences in establishment are present between drought-
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resistant and standard varieties using deficit irrigation. The hypotheses we tested in this study 
were: cool-season turfgrass varieties, varying in drought resistance, establish from seed at 
variable rates under differing, irrigation frequencies; and, drought-resistant TF establishes at 
faster rate than drought-sensitive TF, when supplied with varying levels of deficit irrigation, and 
that using deficit irrigation could be a water conserving practice sufficiently establish TF from 
seed. The objectives of the following studies were as follows: 
Objective 1: Evaluate the impact of irrigation frequency on the establishment of seeded, 
cool-season turfgrass varieties varying in drought resistance. 
Objective 2: Evaluate the impact of deficit irrigation during the first 28 days of establishment 
of seeded, tall fescue cultivars varying in drought resistance. 
 
MATERIALS AND METHODS 
Study 1 
Experimental area 
This study was conducted in a greenhouse in the University of Arkansas Rosen Alternative 
Pest Control center in Fayetteville, AR. The temperature of the greenhouse was maintained at 
temperatures of 21 to 27 °C during the day and 21 to 24 °C at night. Each trial ran for eight 
weeks beginning 16 May 2014 and was repeated on 9 Sept 2015 and 7 Apr. 2017. Cultivars 
were seeded in SC10U conetainer cells (Stuewe & Sons, Inc., Tangent OR) containing calcined 
clay (Turface MVP, Profile Products LLC, Buffalo Grove, IL) in 2014. In 2015 and 2017, cultivars 
were seeded in sand meeting USGA specifications (USGA, 2018). Cotton balls were first 
inserted to the bottom of the conetainer in order to retain the calcined clay or sand rootzone. 
The rootzone was added to the conetainer to a level 0.64 cm from the top of the conetainer. 
Once it was apparent germination had ceased and cultivars reached approximately 7.6 cm in 
height, scissors were used for mowing the grasses to a height of approximately 5.1 cm, with 
clippings removed. Conetainers were mowed individually as needed in 2014, and beginning in 
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2015 all conetainers were mowed as needed and on the day of data collection prior to being 
photographed. 
 
Cultivar Treatments 
Cultivars of perennial ryegrass (Lolium perenne L.; PRG), tall fescue (Festuca 
arundinacea Schreb.; TF) and Kentucky bluegrass (Poa pratensis L.; KBG) were individually 
seeded at the rates of 24.4, 39.1, and 14.7 g pure live seed m-2, respectively. A list of the 
cultivars evaluated in this study is located in Table 5-1. Five cultivars of each species were 
selected, representing a range in drought resistance from previous studies, where some of 
these varieties have demonstrated varying degrees of drought resistance (Richardson et al., 
2008, 2009, 2012; D. Hignight, personal communication, NexGen Turf Research LLC, 2014). 
Furthermore, some of these cultivars have been qualified by the Turfgrass Water Conservation 
Alliance (tgwca.org; TWCA) for having improved drought resistance. Both TWCA qualified and 
drought-sensitive standards were included in the study (Table 5-1). A 6-2-0 organic fertilizer 
(Milorganite Greens Grade, SGN: 90, Milorganite, Milwaukee, WI) was added at the time of 
seeding at the rate of 4.9 g N m-2 (Fig. 5-1). Once seeded and fertilized, 6.0 mm of calcined clay 
or sand was added to cover the seed and fertilizer and each conetainer was placed in its 
respective location in an RL98 Tray (Stuewe & Sons, Inc., Tangent OR) within each irrigation 
treatment. In the 2015 and 2017 trials a liquid fertilizer (24-8-16 Miracle-Gro Water Soluble All 
Purpose Plant Food; The Scotts Miracle-Gro Company, Marysville, OH) was applied at five 
weeks after seeding (WAS) to each conetainer at the rate of 2.4 g N m-2 using a 5 mL syringe. 
The fertilizer application was made on a day between 4 and 5 WAS when all three irrigation 
treatments occurred on the same day. 
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Irrigation Treatments 
The irrigation was scheduled to apply amounts of either 5, 10, or 15 mm, daily (DAILY), 
every two days (2DAY), or every three days (3DAY), respectively. Wooden frames containing 
white, visqueen, polyethylene, plastic sheeting on each side of the frame to prevent incidental 
irrigation from adjacent whole plots (Fig. 5-2). Scheduled irrigation was applied using a single, 
FL-5VS FullJet wide-angle, full-cone spray nozzle (TeeJet Technologies, Wheaton, IL) centered 
above the RL98 tray housing the conetainers, approximately 0.6 m above the conetainers, to 
provide uniform irrigation coverage. No conetainers within the rack were located directly below 
the nozzle to prevent any incidental watering from moisture dripping from the nozzle after 
scheduled irrigation had occurred. 
 
Experimental design and data analysis 
 The experimental design of this study was a split-plot design with whole plots consisting 
of irrigation treatments arranged in a randomized complete block and replicated four times (Fig. 
5-2). Split plots consisted of the 15 turfgrass cultivars and were arranged in a completely 
randomized design within each whole plot. Each whole plot contained two separate 
randomizations of each split plot, providing two experimental units of each cultivar within each 
whole plot. Days to germination were recorded visually each day, and weekly data were also 
collected on percent turfgrass coverage using digital image analysis (Karcher and Richardson, 
2013; Richardson et al., 2001) beginning at 3 WAS and continuing through the conclusion of the 
trial at 8 WAS. 
Digital images were collected using a Canon PowerShot G1x digital camera (Canon 
U.S.A. Inc., Huntington, NY) and a modified lightbox that utilized a purple frame that isolated the 
area of the conetainer (Fig. 5-3; Karcher and Richardson, 2013). The camera was strapped to 
the top of the lightbox, which was secured on top of the purple frame (Fig. 5-3). The portion of 
the conetainers exposed above the RL98 tray were painted purple to facilitate the use of a 
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frame during digital image analysis (Figs. 5-1 and 5-2). To record an image of each 
experimental unit, a conetainer was removed from its location within the whole plot and put into 
another RL98 tray that contained a purple frame, with a hole with a similar circumference of the 
conetainer, wherein the conetainer was inserted, leaving only the upper portion of the 
conetainer exposed. The frame on the modified lightbox contained a hole in the bottom, 
centered relative to the camera lens at the top of the bucket, wherein the hole fit over the 
conetainer being photographed, so that only the media and the turfgrass tissue can be 
assessed during digital image analysis (Fig. 5-3). After the image was taken, the conetainer was 
returned to its original place within the whole plot. 
Digital image analysis was conducted using TurfAnalyzer (turfanalyzer.com; Karcher et 
al., 2017) to objectively quantify percent turfgrass coverage. The image thresholds in the 2014 
trial were, hue 70 to 170, saturation: 10-100, brightness 0-100 and the frame thresholds were, 
hue: 220 to 360, saturation: 20-100, brightness: 50-100. In the 2015 and 2017 trial the image 
thresholds were, hue: 70 to 170, saturation: 0-100, brightness: 0-100, and the frame thresholds 
were, hue: 240 to 360, saturation: 0-100, and brightness: 0-100. The effects of cultivar, irrigation 
frequency and their interaction on days to germination and percent turfgrass coverage were 
subjected to analysis of variance using the ProcMixed procedure in SAS (v. 9.4, SAS Institute 
Inc., Cary, NC) using α = 0.05. For significant main and interaction effects, means were 
separated and compared using Fisher’s protected least significant difference at the 5% 
probability level (P < 0.05). 
 
Study 2.  
Experimental area 
This study was conducted for 28 days beginning 13 Oct. in 2016 and repeated on 22 Sept. 
2017. This study was conducted at the University of Arkansas Agricultural Research and 
Extension Center in Fayetteville, AR on a Captina silt-loam (Fine-silty, siliceous, active, mesic 
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Typic Fragiudults) underneath a rainout structure. The structure had open ends and sides to 
allow for natural air movement. A 0.15-mm thick plastic cover (Green-Tek Inc., Jamesville, WI) 
was placed on the top of the structure. Gutters were mounted along the sides of the structure to 
direct precipitation runoff from the plastic cover away from the structure. The experimental area 
was tilled and subsequently smoothed and leveled using a landscape rake to minimize effects of 
irrigation runoff or ponding. All vegetative plant material and residue (i.e., weeds) were removed 
so that only bare soil remained in the experimental area. 
 
Cultivar Treatments 
Tall fescue cultivars utilized in this study were ‘RK4’ and ‘Rebel Exeda’. These two 
cultivars were evaluated in a previous chronic-drought-stress field study (Richardson et al., 
2012), wherein ‘RK4’ required 43% less supplemental irrigation than ‘Rebel Exeda’ to maintain 
similar levels of green turfgrass coverage over a three-month period during the summer. 
Additionally, ‘RK4’ is currently qualified by the TWCA for its superior drought resistance. Tall 
fescue cultivars were seeded in adjacent plots, each 0.6 × 0.6 m in size (Fig. 5-4). Cultivars 
were seeded by hand at the rate of 39.1 g pure live seed m-2. After seeding, an organic fertilizer 
application (6-2-0 Milorganite Classic, SGN: 160, Milorganite, Milwaukee, WI) was applied at the 
rate of 4.9 g N m-2. The seed and fertilizer were then lightly raked into the soil in two directions. 
Irrigation applications were made over the whole-plot area (see irrigation treatments) and the 
whole plot was lightly covered with straw to serve as a mulch covering during germination in 
2016; in 2017, a 14.2 g germination blanket (item# PR1724, A.M. Leonard Inc. Piqua, OH) was 
used instead of the straw mulch covering (Patton et al., 2010) to better facilitate coverage 
evaluations. All the covers were removed once it was apparent germination had ceased and all 
mulch or covers were removed on the same day, at 11 (2016) or 10 (2017) days after seeding.  
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Irrigation Treatments 
The whole plots represented a single irrigation treatment and were 1.2 × 0.6 m in size (Fig. 
5-4). Irrigation was applied using a pressure regulated (275.8 kPa) hose that contained a 7.6 L 
min-1 misting nozzle (Fogg-It Waterfog, Fogg-it Nozzle Co., Belmont, CA) to prevent movement 
of seed and/or fertilizer outside of the plot area (Fig. 5-5). Daily irrigation treatments replaced 
50, 75, 100, or 125% of the previous day’s ETo. Weather data were collected from an on-site 
weather station, wherein climatological data were compiled to estimate ETo using the FAO-56 
Penman-Monteith equation (Allen et al., 1998). The total volume of water required to apply each 
irrigation level to the whole plot was calculated each day prior to the irrigation application and 
the required runtime to apply the calculated volume was calibrated using a graduated 3.8-L 
pitcher and a stopwatch. A spray shield was utilized to minimize effects of drift during the 
irrigation application (Fig. 5-5). On the day of seeding, all whole plots received 12.7 mm of 
irrigation in two separate 6.4-mm applications, at least six hours apart, to ensure uniform 
moisture conditions across all plots. The first of those two irrigation applications was applied 
using a 3.8 L min-1 Fogg-It misting nozzle before putting the straw mulch or germination blanket 
cover over the whole plot. During the first 14 days of the trial, irrigation treatments were divided 
into two separate applications (dividing the previous day’s ETo in two), and irrigated only once 
per day thereafter until the end of the trial. 
 
Experimental design and data analysis 
 The experimental design of this study was a split-plot design with the irrigation treatment 
representing whole plots and cultivar treatments were split plots. Treatments were arranged in a 
randomized complete block and replicated four times. A 0.9 m border was maintained between 
each whole plot to facilitate easier data collection and to prevent incidental runoff from irrigation. 
At 14 days after seeding, data were collected on turfgrass coverage using digital image analysis 
(Karcher and Richardson, 2013; Richardson et al., 2001) and collected every two days 
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thereafter until the conclusion of the study. Digital images were collected prior to irrigation using 
a Canon PowerShot G1x digital camera (Canon U.S.A. Inc., Huntington, NY) and a lightbox that 
fit directly over each split plot (Figure 5-6). Broadleaf and undesired grassy weeds (e.g., Poa 
annua (L.) and other weed-seed contaminants from the straw cover in 2016) were removed by 
hand prior to photos being taken, so as to only assess and quantify turfgrass coverage from the 
seeded TF varieties. Digital images were analyzed using TurfAnalyzer (turfanalyzer.com; 
Karcher et al., 2017) to objectively quantify percent turfgrass coverage. The effects of cultivar, 
irrigation, and their interaction on percent turfgrass coverage were subjected to analysis of 
variance using the ProcMixed procedure in SAS (v. 9.4, SAS Institute Inc., Cary, NC) using α = 
0.05. Means of significant treatment effects were separated and compared using Fisher’s 
protected least significant difference at the 5% probability level (P < 0.05). 
 
RESULTS AND DISCUSSION 
Study 1. 
 As mentioned, the main effects, and interaction effects are discussed relative within 
each species since it is well-documented that differences exist in terms of germination speed of 
each species (Beard, 1973; Patton and Boyd, 2007). Significant differences in days to 
germination were observed among cultivars in all trial periods and significant interaction effects 
of irrigation and cultivar were observed in the 2014 and 2017 trials (Table 5-2); therefore, only 
the 2015 main effect for cultivars, and the significant interaction effects in 2014 and 2017 will be 
discussed regarding their influence on days to germination. 
 In the 2014 trial, days to germination under the DAILY irrigation treatment was much 
longer than expected for all three species (Table 5-3; Beard, 1973). This may have been a 
result of the very porous calcined clay media, wherein water drained relatively quickly through 
the conetainer and, therefore, less water was available for seed germination and establishment. 
Under the DAILY irrigation treatment, ‘Penn APR 2105’ germinated four days sooner, on 
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average, than ‘Charger II’ and ‘Pop’ (Table 5-3). Drought-resistant PRG varieties germinated 
approximately ten days earlier than ‘Charger II’ under the 2DAY irrigation treatment (Table 5-3). 
Under the 3DAY irrigation treatment, ‘IG2’ germinated five days later than ‘Charger II’ and ‘Penn 
APR 2105’ germinated five and seven days sooner than ‘Pop’ and ‘Charger II’, respectively 
(Table 5-3). Among the TF varieties, ‘Justice’ and ‘Virtue II’ germinated approximately four days 
sooner than ‘Crackle’, under the DAILY and 2DAY irrigation treatments. Additionally, ‘ATF1258’ 
germinated four days before ‘Crackle’ under the 2DAY irrigation regime (Table 5-3). Under the 
3DAY irrigation schedule, the drought-resistant TF varieties germinated six days sooner, on 
average, than ‘Crackle’ (Table 5-3). Among the KBG varieties, under the DAILY irrigation 
treatment, drought-resistant KBG varieties germinated approximately five and fifteen days 
earlier than ‘Geronimo’ and ‘Snap’, respectively (Table 5-3). Drought-resistant KBG varieties 
germinated approximately nine and 11 days sooner than ‘Geronimo’ under the 2DAY and 3DAY 
irrigation regimes, respectively (Table 5-3). It is important to again acknowledge, within each 
species, days to germination in 2014 under the DAILY irrigation treatment were longer than 
expected, which potentially may have been a consequence of the macropore space between 
the calcined clay particles, allowing water to drain freely through the soil profile. 
 In 2015, ‘IG2’ was not included in the analysis for days to germination or turfgrass 
coverage due to ≥ 50% of the experimental units within each irrigation regime not germinating 
during the eight-week trial (Table 5-4). On average, days to germination for ‘IG2’ was 20.5 days 
under the three irrigation regimes, which was a much longer duration than expected for 
germination of PRG (Beard, 1973). Significant differences in days to germination were not 
observed among the PRG varieties in 2015 (Table 5-4). Among the TF varieties, ‘ATF 1258’ 
germinated approximately two days faster than ‘Crackle’ (Table 5-4), but no other differences in 
days to germination were observed among the TF varieties. Greatest variability in days to 
germination was observed within the KBG varieties, with the TWCA-qualified varieties 
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germinating approximately one week earlier, on average, than non-qualified varieties (Table 5-
4). 
 In 2017, significant differences in days to germination were observed among KBG 
varieties with ‘Mallard’ germinating six days earlier, on average, than ‘Geronimo’ under each 
irrigation regime (Table 5-5). ‘Water Works’ germinated approximately eight days earlier, on 
average, than ‘Geronimo’ under the DAILY and 2DAY irrigation regimes; and ‘Mystere’ 
germinated approximately four days earlier than ‘Geronimo’ under the 3DAY irrigation regime 
(Table 5-5). Significant differences in days to germination were not observed within the PRG or 
TF varieties among the irrigation regimes in 2017 (Table 5-5). 
 In each trial period, significant differences in turfgrass coverage in regards to interaction 
effects of irrigation regime × week, and cultivar × week were observed (Table 5-6). With regards 
to the interaction effects of irrigation regime × cultivar, significant differences in turfgrass 
coverage were only observed in the 2014 and 2017 trials (Table 5-6); therefore, only these three 
interaction effects will be discussed regarding their influence on turfgrass coverage, respective 
of trial period. 
 In 2014, significant differences in overall turfgrass coverage were observed within 
varieties under the three irrigation regimes. Under the DAILY irrigation treatment, ‘IG2’, ‘Penn 
APR 2190’, and ‘Penn APR 2105’ exhibited greater turfgrass coverage than ‘Pop’, and ‘Penn 
APR 2105’ exhibited greater turfgrass coverage than “Charger II’ (Table 5-7). Under the 2DAY 
irrigation regime, a similar trend was observed with ‘Penn APR 2190’ and ‘Penn APR 2105’ 
exhibiting greater turfgrass coverage than ‘Pop’ and 'Charger II’ (Table 5-7). ‘Penn APR 2105’ 
also exhibited greater turfgrass coverage than ‘Charger II’ and ‘Pop’ under the 3DAY irrigation 
treatment (Table 5-7). Significant differences in turfgrass coverage were not observed within 
‘Penn APR 2105’ or ‘Penn APR 2190’ irrigated every two or every three days; and irrigating 
these two varieties at these frequencies resulted in similar turfgrass coverage as ‘Pop’ irrigated 
daily in 2014 (Table 5-7). ‘Penn APR 2105’ irrigated every three days exhibited greater turfgrass 
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coverage than ‘Charger II’ and ‘Pop’ irrigated every two days in 2014 (Table 5-7). ‘Penn APR 
2190’ irrigated every three days exhibited similar turfgrass coverage as ‘Charger II’ and ‘Pop’ 
irrigated every two days (Table 5-7). These results suggest drought-resistant PRG varieties 
irrigated infrequently during the first eight weeks after seeding can establish at a similar rate as 
drought-sensitive varieties irrigated daily or every two days. 
 Significant differences in turfgrass coverage were also observed in 2014 within the TF 
varieties among three irrigation frequencies (Table 5-7). ‘Justice’, ‘Virtue II’, and ‘ATF 1258’ 
exhibited greater turfgrass coverage than ‘Crackle’ under the DAILY irrigation treatment (Table 
5-7). Additionally, ‘Six Point’ exhibited lower turfgrass coverage under DAILY irrigation than 
‘Justice’ and ‘Virtue II’ (Table 5-7). Under the 2DAY irrigation regime, drought-resistant TF 
varieties averaged greater turfgrass coverage than ‘Crackle’ (Table 5-7). Under the 3DAY 
irrigation treatment, drought-resistant TF varieties exhibited greater turfgrass coverage than 
‘Crackle’, and ‘Justice’ and ‘Virtue II’ exhibited greater turfgrass coverage than ‘Six Point’ (Table 
5-7). Drought-resistant TF varieties irrigated every three days exhibited similar turfgrass 
coverage as ‘Crackle’ irrigated daily and ‘Six Point’ irrigated every two days (Table 5-7). These 
results suggest drought-resistant TF varieties irrigated infrequently during the first eight weeks 
after seeding establish at a similar rate as drought-sensitive varieties irrigated daily or every two 
days. 
 Among KBG varieties in 2014, under the DAILY irrigation regime drought-resistant 
varieties ‘Mystere’ and ‘Water Works’ exhibited greater turfgrass coverage than ‘Snap’ and 
‘Geronimo’ (Table 5-7). However, significant differences in turfgrass coverage were not 
observed among the KBG varieties within the 2DAY and 3DAY irrigation treatments (Table 5-7). 
Within and across each irrigation regime, ‘Mallard’ did not exhibit greater turfgrass coverage 
than drought-sensitive varieties ‘Geronimo’ and ‘Snap’ (Table 5-7). Turfgrass coverage for all 
KBG varieties in 2014 under the DAILY irrigation regime were very low overall (10.8% on 
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average), which may be a result of the porous calcined clay media allowing less water to be 
available to the seedlings and / or poor overall seedling vigor (Table 5-7). 
 In 2017, significant differences in overall turfgrass coverage were observed within the 
PRG varieties under the three irrigation regimes. Among the PRG varieties, no differences in 
turfgrass coverage were observed under all three irrigation regimes in ‘Penn APR 2105’ (Table 
5-7). Daily irrigation did not result in greater turfgrass coverage than 2DAY irrigation for both 
‘IG2’ and ‘Penn APR 2190’, (Table 5-7). ‘Penn APR 2105’ exhibited greater turfgrass coverage 
than ‘Charger II’ under DAILY irrigation and greater coverage than ‘Pop’ under the 3DAY 
irrigation treatment (Table 5-7). ‘Penn APR 2190’ and ‘Penn APR 2190’ irrigated every three 
days exhibited similar coverage as drought-sensitive PRG varieties irrigated daily in 2017 (Table 
5-7). 
 Similar trends in coverage were observed, respective of irrigation regime, within the 
drought-resistant TF varieties in 2017. ‘ATF 1258’ exhibited similar coverage across all three 
irrigation regimes and ‘Justice’ exhibited similar turfgrass coverage under DAILY and 2DAY 
irrigation (Table 5-7). No differences in turfgrass coverage were observed between the TF 
varieties under the 3DAY irrigation treatment in 2017 (Table 5-7). ‘ATF 1258’ was among 
drought-resistant TF varieties in requiring less water to maintain 40% green coverage in a study 
by Karcher et al. (2009); however, ‘ATF1258' exhibited similar or lower turfgrass coverage than 
drought-sensitive TF varieties in 2017 (Table 5-7). The inconsistency of the findings between 
the 2014 and 2017 trials may be a result of the change in media utilized (calcined clay vs sand). 
 In 2017, differences in turfgrass coverage were not observed across the irrigation 
regimes within the KBG varieties, with the exception of ‘Water Works’ having greater coverage 
under 2DAY irrigation compared to DAILY irrigation (Table 5-7). Under the 2DAY irrigation 
treatment ‘Geronimo’ and ‘Mystere’ had much lower turfgrass coverage than ‘Water Works’ 
(Table 5-7). It is important to acknowledge regardless of irrigation regime, KBG varieties 
exhibited minimal turfgrass coverage overall (< 3.0% on average), suggesting potentially poor 
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seed viability and seedling vigor. New seed was ordered and utilized in each trial, and was 
stored in a controlled environment maintained at 4.4 °C until they were removed on the day of 
seeding; however, it is unknown the previous storage conditions of the seeds and the duration 
to which they had already been harvested prior to being ordered. Overall, these differences in 
turfgrass coverage suggest that, if current irrigation ordinances and watering restrictions are 
amended in the future, to where irrigation frequency would potentially become more stringent 
during the establishment period, such as irrigation every two or three days, drought-resistant 
PRG and TF varieties would establish at rates similar to daily irrigation. 
 In 2014, significant differences in weekly turfgrass coverage were observed among 
irrigation regimes with DAILY irrigation resulting in greater turfgrass coverage than 2DAY and 
3DAY irrigation each week (Table 5-8). During the first 5 WAS, varieties under the DAILY 
irrigation regime exhibited much greater turfgrass coverage than 2DAY or 3DAY irrigation 
treatments; however, by 8 WAS the coverage differences had decreased (Table 5-8). In 2015, 
weekly significant differences in turfgrass coverage were also observed among irrigation 
regimes with DAILY irrigation resulting in greater turfgrass coverage than 2DAY and 3DAY 
irrigation each week; and by 6 WAS, 2DAY irrigation resulted in significantly greater turfgrass 
coverage than 3DAY irrigation (Table 5-8). In 2017 from 4 to 6 WAS a similar trend was 
observed with DAILY irrigation exhibiting significantly greater turfgrass coverage than 2DAY and 
3DAY irrigation; however, during the final two weeks of the trial, DAILY and 2DAY irrigation did 
not exhibit significant differences in turfgrass coverage, but each exhibited significantly greater 
coverage than 3DAY irrigation, albeit, visually these differences were negligible (Table 5-8). It 
should be noted, though significant differences in weekly turfgrass coverage were observed 
among the irrigation treatments in 2015 and 2017, visually these differences were difficult to 
discern (Table 5-8). 
 In 2014, significant differences in weekly turfgrass coverage were observed among the 
cultivars within each species, irrespective of irrigation treatment (Table 5-9). ‘Penn APR 2105 
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exhibited greater turfgrass cover than ‘Charger II’ and ‘Pop’, from 6 to 8 WAS and ‘Penn APR 
2190’ exhibited greater turfgrass coverage than ‘Pop’ during that same period (Table 5-9). 
Among the TF varieties, significant differences in weekly turfgrass coverage were observed as 
well. From 6 to 8 WAS the drought-resistant TF varieties exhibited greater turfgrass coverage 
than ‘Crackle’. ‘Justice’ exhibited greater turfgrass coverage than ‘Six Point’ in 7 and 8 WAS 
(Table 5-9). Among the KBG varieties, significant differences in weekly turfgrass coverage were 
not observed between the varieties until 5 WAS. At that time ‘Geronimo’ exhibited greater 
turfgrass coverage than ‘Mallard’; however, differences in coverage between these two cultivars 
were not observed during the remainder of the trial (Table 5-9). It is unknown why turfgrass 
coverage declined from 5 to 6 WAS among the KBG varieties, but possibly may have been a 
result of mowing, relative to the time of data collection (i.e., digital images being collected). 
From 6 to 8 WAS, ‘Mystere’ and ‘Water Works’ exhibited greater turfgrass coverage compared 
to ‘Geronimo’ and ‘Snap’ (Table 5-9). Though significant differences in weekly turfgrass 
coverage were observed between the KBG varieties, it is important to note turfgrass coverage 
among the varieties at 8 WAS was low overall (8.7% on average) which, again, potentially may 
be a result of the porous calcined clay media, and poor overall seedling vigor. Overall, within 
each species, drought-resistant varieties exhibited greater turfgrass coverage than drought-
sensitive varieties, suggesting that these varieties that have exhibited superior drought 
resistance at maturity, also exhibit greater turfgrass coverage at two months after seeding. 
 In the 2015 and 2017 trial periods, it was apparent the fertilizer application between 4 
and 5 WAS had an effect on turfgrass coverage resulting in a flush of growth and greater 
increases turfgrass coverage (Tables 5-8, 5-10, and 5-11). In both trials, significant differences 
in weekly turfgrass coverage were observed among the cultivars within each species, 
irrespective of irrigation treatment (Tables 5-10 and 5-11). In 2015, At 5 WAS ‘Penn APR 2105’ 
exhibited greater turfgrass coverage than ‘Pop’ and, in 2017 ‘Penn APR 2105’ and ‘IG2’ 
averaged greater coverage than ‘Charger II’ and ‘Pop’ at that time (Tables 5-10 and 5-11). At 7 
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and 8 WAS in 2015, ‘Penn APR 2105’ exhibited greater turfgrass coverage than ‘Pop’ (Table 5-
10). In 2017, at 6 WAS and continuing through the remainder of the trial, ‘Penn APR 2190’ and 
‘Penn APR 2105’ exhibited greater turfgrass coverage than ‘Pop’ (Table 5-11). 
 Significant differences in weekly turfgrass coverage were observed among the TF 
varieties as well beginning at 4 and 3 WAS in 2015 and 2017, respectively (Tables 5-10 and 5-
11). In 2015, differences in turfgrass coverage among TF varieties were not consistent week to 
week and similar trends were observed in 2017 when the drought-sensitive TF varieties 
sometimes exhibited similar or significantly greater weekly turfgrass coverage than some of the 
drought-resistant TF varieties (Tables 5-10 and 5-11). These results suggest that perhaps 
drought resistance among TF varieties is more apparent at maturity, and negligible differences 
exist between these varieties in the rate at which they establish from seed during the first 8 
WAS under various irrigation frequencies. 
 The KBG varieties exhibited weekly significant differences in turfgrass coverage in both 
2015 and 2017 (Tables 5-10 and 5-11); however, it is important to again recognize the overall 
poor performance in turfgrass coverage of the KBG varieties in 2017 (Table 5-11). At 8 WAS 
‘Water Works’ exhibited greater turfgrass coverage than ‘Geronimo’; however, this difference 
should be regarded lightly considering the overall performance in turfgrass coverage of KBG 
varieties in 2017 was poor (Table 5-11). In 2015 ‘Snap’ exhibited low turfgrass coverage (9.7% 
on avg.) from 5 WAS to the end of the trial (Table 5-10), indicating potentially poor seedling 
vigor considering it performed similar to other KBG varieties in 2017 (Table 5-11). ‘Mallard’ 
exhibited significantly greater turfgrass coverage than ‘Geronimo’ each week in 2015; however, 
the percentage difference in coverage decreased as the trial progressed. During that same trial, 
both ‘Mystere’ and ‘Water Works’ exhibited significantly greater turfgrass coverage than ‘Snap’ 
from 5 to 8 WAS (Table 5-10). Again these TWCA-qualified varieties, such as ‘Mallard’, ‘Water 
Works’, and ‘Mystere’ resulted in greater coverage compared to drought-sensitive varieties like 
‘Geronimo’ or ‘Snap’. 
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 The results of this study indicate that irrigation frequency could potentially influence 
germination and establishment rates within turfgrass species during the first eight weeks of 
establishment. Drought-resistant KBG appear to germinate approximately a week earlier 
compared to drought-sensitive KBG varieties, and while this may not be of great concern 
scientifically, a homeowner may be concerned if seed germination is rather prolonged during the 
establishment period. In an acute drought-stress study, Richardson et al. (2008) reported 
‘Mallard’, once fully established, maintained 50% green cover for up to 45 days, whereas 
‘Geronimo’ dropped below 50% green turfgrass cover in as soon as 23 days during the dry-
down period. Drought-resistance differences observed between ‘Mallard’ and ‘Geronimo’ in this 
trial were not consistent with those findings as under each irrigation regime ‘Geronimo’ exhibited 
similar coverage as ‘Mallard’ (Table 5-7, 5-9, and 5-11) Drought resistance between these two 
varieties may be more evident once turfgrasses are more mature. 
The findings of this study support our hypothesis that differences in establishment exist 
between cool-season turfgrasses varying in drought resistance; and, some results, particularly 
among PRG and TF varieties, support the hypothesis that varieties establish at variable rates 
under similar and differing irrigation frequencies. Irrigating every two days resulted in similar 
turfgrass coverage compared to daily irrigation at the end of the two months in one of the trial 
periods (Table 5-8). This suggests irrigating every two days would potentially provide similar 
turfgrass establishment as irrigating every daily should those restrictions be mandated in the 
future. Some TF and PRG varieties qualified by the TWCA performed similarly in coverage, 
respective of species, under the DAILY and 2DAY irrigation regimes, suggesting if more 
stringent, future irrigation restrictions are imposed during the establishment period, irrigating 
every two days would result in similar coverage as irrigating daily in these two species. 
Intraspecific-coverage differences attributed to drought-resistance rating were more apparent 
among the PRG varieties, and in 2015 among the KBG varieties, but were not consistently 
observed among the TF, indicating that drought-resistance differences among TF varieties may 
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be more apparent at maturity (Bonos et al., 2004; Karcher et al., 2009). Under the holistic efforts 
and objectives of turfgrass water conservation, it is of great importance to utilize these drought-
resistant varieties in the lawn. While current irrigation restrictions allow for daily irrigation during 
the first two weeks to one month of the establishment period (City of Edina, 2018; City of 
Andover, 2014; City of Fort Worth, 2014), it is also noteworthy to consider under potentially 
more conservative restrictions (in regards to irrigation frequency), drought-resistant varieties 
would continue to establish similarly to a daily irrigation regime. 
 
Study 2. 
 Throughout this discussion, the interaction effects of cultivar and days after seeding 
(DAS) in 2016, and main effects of irrigation and DAS in both trial periods will be discussed in 
regards to the establishment of the TF varieties (Table 5-12). Significant differences in turfgrass 
coverage were observed between the TF varieties in 2016 where from 22 to 26 DAS ‘Rebel 
Exeda’ exhibited greater turfgrass coverage than ‘RK4’ (Table 5-13). Though these differences 
were statistically significant, visually these differences in coverage were negligible. 
 Numeric differences in turfgrass coverage under the same DAS between years could be 
attributed to warmer temperatures in the 2017 trial, and therefore a greater average daily ETo 
(Fig. 5-7). In 2016, from 18 to 26 DAS, irrigating at 75 or 100% ETo resulted in significantly 
greater turfgrass coverage than irrigating at 50% ETo (Table 5-14). In 2017, significant 
interaction between irrigation and DAS was not observed (Table 5-12). However, when slicing 
the irrigation treatment effects by DAS, there was a similar trend in turfgrass coverage, with TF 
exhibiting significantly greater coverage irrigated at 75% or 100% ETo than irrigating at 50% ETo 
from 16 to 24 DAS (Table 5-14). 
These findings suggest differences in turfgrass coverage between these well-established 
TF varieties under chronic drought stress are not observed during the establishment period and 
do not support our hypothesis; however, utilizing deficit irrigation did support our hypothesis for 
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sufficiently establishing TF from seed. Richardson et al. (2012), reported ‘RK4’, at maturity, 
required 43% less irrigation than ‘Rebel Exeda’ in order to maintain 40% green turf coverage, 
however, in this trial they established at similar rates under each irrigation treatment. Using 
deficit irrigation during the establishment period is a water-conserving strategy that can be 
utilized without sacrificing the rate at which seeded TF varieties establish, as daily irrigation 
applying 75% of the previous day’s ETo did not differ than irrigating at 100% ETo during the first 
28 DAS. Furthermore, recommended irrigation practices for establishing TF from seed could 
provide more objective guidelines and specific instructions in terms of daily irrigation applying 75 
or 100% of the previous day’s ETo to conserve water more effectively. It is possible that 
homeowners and turfgrass managers already apply water at amounts much greater than 100% 
ETo in order to keep the soil moist, and since no ET-based recommendations for establishment 
from seed are available. With recent advancements in irrigation technologies such as smart 
controllers which calculate local ETo, using these tools to schedule irrigation more efficiently 
would contribute to water conservation efforts during turfgrass establishment. 
 To expound further upon these findings, future research should investigate other factors 
that may have potentially contributed to the observed differences in turfgrass coverage, such as 
seed size. Additional research should investigate if these water savings are also realized when 
seeding other turfgrass species, such as Kentucky bluegrass, perennial ryegrass, common 
bermudagrass (Cynodon dactylon L.), zoysiagrass (Zoysia japonica Steud.), bahiagrass 
(Paspalum notatum Flueggé) and centipedegrass (Eremochloa ophiuroides (Munro) Hack.). 
Furthermore, it would be of great interest to evaluate the effectiveness of deficit irrigation in 
vegetative propagation methods, such as the installation of turfgrass sods or planting sprigs or 
plugs. Future research should also consider an evaluation period longer than 28 days to 
evaluate the duration to which deficit irrigation prolongs differences in turfgrass coverage. 
 An experiment similar to Study 2 was also conducted during the summer of 2017 
investigating the irrigation requirements for establishing common bermudagrass from seed. 
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Only one replication of trial had been conducted at the time of submission of this dissertation; 
however, the materials and methods and results and discussion of that trial are located in the 
appendix. Results from one year of that trial were similar to the results observed in this study, 
with 75% ETo providing optimal germination and differences in drought resistance at maturity did 
not affect establishment.   
156 
LITERATURE CITED 
 
Allen, R.G., L.S. Pereira, D. Raes, and M. Smith. 1998. Crop evapotranspiration (Guidelines for 
computing crop water requirements). FAO Irrigation and Drainage Paper 56. Rome, 
Italy: FAO. 
 
 
Beard, J.B. 1973. Turfgrass science and culture. Prentice-Hall, Inc., Englewood Cliffs, NJ. 
 
 
Beard, J.B. 1993. The xeriscaping concept: What about turfgrasses? In: R.N. Carrow, N.E. 
Christians, and R.C. Shearman, eds., Int. Turfgrass Soc. Res. J. 7:87-98. 
 
 
Bonos, S.A., D. Rush, K. Hignight, and W.A. Meyer. 2004. Selection for deep root production in 
tall fescue and perennial ryegrass. Crop Sci. 44:1770-1775. 
 
 
Bremer, D.J., S.J. Keeley, A. Jager, J.D. Fry, and C. Lavis. 2012. In-ground irrigation systems 
affect lawn-watering behaviors of residential homeowners. HortTechnology 22:651-658. 
 
 
Brown, C.A., D.A. Devitt, and R.L. Morris. 2004. Water use and physiological response of tall 
fescue turf to water deficit irrigation in an arid environment. HortScience 39:388-393. 
 
 
City of Andover. 2014. Watering restriction policy. City of Andover, MN. 
https://www.andovermn.gov/DocumentCenter/View/162 (accessed 16 Apr. 2018). 
 
 
City of Edina. 2018. Watering restrictions. The City of Edina, MN. 
https://edinamn.gov/356/Watering-Restrictions (accessed 16 Apr. 2018). 
 
 
City of Fort Worth. 2014. Drought contingency & emergency water management plant for retail 
and wholesale water consumers. Fort Worth Water. 
http://fortworthtexas.gov/uploadedFiles/Water/Save_FW_water/2014%20Drought%20Pl
an%20-%20Final%204-4-2014.pdf (accessed 16 Apr. 2018). 
 
 
Fry, J.D. and J.D. Butler. 1989. Responses of tall and hard fescue to deficit irrigation. Crop Sci. 
29:1536-1541. 
 
 
Fu, J., J. Fry, and B. Huang. 2004. Minimum water requirements of four turfgrasses in the 
transition zone. HortScience 39:1740-1744. 
 
 
 
 
157 
Karcher, D.E. and M.D. Richardson. 2013. Digital image analysis in turfgrass research. In: J.C. 
Stier, B.P. Horgan, and S.A. Bonos, editors, Agronomy Monograph 56 Turfgrass: 
Biology, Use, and Management. American Society of Agronomy, Crop Science Society 
of America, Soil Science Society of America: Madison, WI. p. 1133-1149. 
 
 
Karcher, D.E., C.J. Purcell, M.D. Richardson, L.C. Purcell, and K.W. Hignight. 2017. A new Java 
program to rapidly quantify several turfgrass parameters from digital images. ASA, 
CSSA and SSSA International Annual Meetings. p. 109313. 
 
 
Karlin, J. 2018. Turfgrass water conservation alliance – growing innovation for members. Turf 
News. Turfgrass Producers International 42:52-53. 
 
 
Landschoot, P.D. 2018. Lawn establishment. Pennsylvania State Univ. 
http://plantscience.psu.edu/research/centers/turf/extension/factsheets/lawn-
establishment (accessed 16 Apr. 2018). 
 
 
Patton, A. and J. Boyd. 2007. Seeding a lawn in Arkansas. Univ. of Arkansas Cooperative 
Extension Publication FSA2113. Univ. of Arkansas. 
https://www.uaex.edu/publications/PDF/FSA-2113.pdf (accessed 16 Apr. 2018). 
 
 
Patton, A.J., M.D. Richardson, D.E. Karcher, J.W. Boyd, Z.J. Reicher, J.D. Fry, J.S. McElroy, 
and G.C. Munshaw. 2008. A guide to establishing seeded bermudagrass in the transition 
zone. Online. Appl. Turfgrass Sci. doi:10.1094/ATS-2008-0122-01-MD. 
 
 
Patton, A.J., J.M. Trappe, and M.D. Richardson. 2010. Cover technology influences warm-
season grass establishment from seed. HortTechnology 20:153-159. 
 
  
Peacock, C.H. 2001. Irrigation requirements for turf establishment under supraoptimal 
temperature conditions. Int. Turfgrass Soc. Res. J. 9:900-905. 
 
 
Richardson, M.D., D.E. Karcher, and L.C. Purcell. 2001. Quantifying turfgrass cover using digital 
image analysis. Crop. Sci. 41:1884-1888. 
 
 
Richie, W.E., R.L. Green, G.J. Klein, and J.S. Hartin. 2002. Tall fescue performance influenced 
by irrigation scheduling, cultivar, and mowing height. Crop Sci. 42:2011-2017. 
 
 
Samples, T. and J. Sorochan. 2007. Turfgrass establishment: seeding. UT Extension 
Publication W160-B. Univ. of Tennessee 
https://extension.tennessee.edu/publications/Documents/W160-B.pdf (accessed 16 Apr. 
2018). 
 
158 
Schiavon, M., M. Serena, B. Leinauer, R. Sallenave, and J.H. Baird. 2015. Seeding date and 
irrigation system effects on establishment of warm-season turfgrasses. Agron. J. 
107:880-886. 
 
 
Schiavon, M., B. Leinauer, M. Serena, R. Sallenave, and B. Maier. 2013. Establishing tall 
fescue and Kentucky bluegrass using subsurface irrigation and saline water. Agron. J. 
105:183-190. 
 
 
Schiavon, M., B. Leinauer, M. Serena, R. Sallenave, and B. Maier. 2012. Bermudagrass and 
seashore paspalum establishment from seed using different irrigation methods and 
water qualities. Agron. J. 104:706-714. 
 
 
Serena, M., B. Leinauer, R. Sallenave, M. Schiavon, and B. Maier. 2012. Turfgrass 
establishment from polymer-coated seed under saline irrigation. HortScience 47:1789-
1794. 
 
 
USGA. 2018. USGA recommendations for a method of putting green construction. United 
States Golf Association Green Section Staff. http://archive.lib.msu.edu/tic/usgamisc/ 
monos/2018recommendationsmethodputtinggreen.pdf (accessed 16 Apr. 2018).  
159 
TABLES AND FIGURES 
Table 5-1. Cool-season turfgrass cultivars utilized in Study 1. 
 
 
† Cultivars meeting requirements for drought resistance by the Turfgrass Water Conservation 
Alliance (TGWCA.org) are indicated as being TWCA qualified. 
 
‡ Varieties Pop, Crackle, and Snap are utilized by the TWCA as drought-sensitive standards. 
 
 
 
Table 5-2. Analysis of variance for days to germination in Study 1. 
 
 
  
Species Cultivar TWCA rating 
Perennial ryegrass 
Charger II --- 
IG2 Qualified† 
Penn APR 2105 Qualified 
Penn APR 2190 Qualified 
Pop‡ --- 
Tall fescue 
ATF 1258 Qualified 
Crackle‡ --- 
Justice Qualified 
Six Point --- 
Virtue II Qualified 
Kentucky bluegrass 
Geronimo --- 
Mallard Qualified 
Mystere Qualified 
Snap‡ --- 
Water Works Qualified 
Source of variation 2014 2015 2016 
 Prob > F 
Irrigation 0.0453 0.2520 0.4757 
Cultivar <0.0001 <0.0001 <0.0001 
Irrigation × Cultivar <0.0001 0.8871 <0.0001 
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Table 5-3. Effects of cultivar and irrigation on days to germination during 2014 in Study 1. 
 
 
† Irrigation treatments consisted of 5.1 mm irrigation daily (DAILY), 10.2 mm irrigation every two 
days (2DAY), or 15.2 mm irrigation every three days (3DAY). 
 
‡ Within columns, means followed by the same letter are not significantly different according to 
Fisher’s protected LSD (P < 0.05). 
  
Cultivar DAILY† 2DAY 3DAY 
 ------------------------------ Days to germination ------------------------------ 
Charger II 17.1 cde‡ 30.4 b 25.5 cd 
IG2 15.4 def 20.4 fg 20.5 efg 
Penn APR 2105 13.0 f 20.4 fg 18.5 fg 
Penn APR 2190 15.0 def 21.1 efg 22.9 de 
Pop 17.0 cde 23.4 def 23.4 cde 
ATF 1258 15.9 cdef 20.5 fg 18.9 fg 
Crackle 18.5 cd 24.4 de 23.6 cde 
Justice 14.3 ef 20.4 fg 17.9 g 
Six Point 16.9 cde 21.1 efg 20.6 efg 
Virtue II 14.0 ef 19.8 g 17.5 g 
Geronimo 24.1 b 35.6 a 37.8 a 
Mallard 19.3 c 29.4 bc 31.2 b 
Mystere 18.5 cd 23.6 def 26.5 c 
Snap 33.6 a 22.5 c-g 27.0 bcde 
Water Works 18.1 cd 25.7 d 21.8 ef 
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Table 5-4. Effects of cultivar on days to germination during 2015 in Study 1. 
 
 
† IG2 was not included in the analysis for days to germination due to ≥ 50% of the experimental 
units within each irrigation regime never germinating during the eight-week trial. 
 
‡ Means followed by the same letter are not significantly different according to Fisher’s 
protected LSD (P < 0.05). 
  
Cultivar Days to germination 
Charger II 3.5 i‡ 
IG2† --- 
Penn APR 2105 4.1 hi 
Penn APR 2190 3.5 i 
Pop 4.0 i 
ATF 1258 4.8 ghi 
Crackle 6.6 ef 
Justice 5.2 fghi 
Six Point 5.8 efgh 
Virtue II 6.3 efg 
Geronimo 14.5 b 
Mallard 7.4 de 
Mystere 8.8 cd 
Snap 17.9 a 
Water Works 9.6 c 
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Table 5-5. Effects of cultivar and irrigation on days to germination during 2017 in Study 1. 
 
 
† Irrigation treatments consisted of 5.1 mm irrigation daily (DAILY), 10.2 mm irrigation every two 
days (2DAY), or 15.2 mm irrigation every three days (3DAY). 
 
‡ Within columns, means followed by the same letter are not significantly different according to 
Fisher’s protected LSD (P < 0.05). 
 
Table 5-6. Analysis of variance for turfgrass coverage in Study 1. 
 
 
  
Cultivar DAILY† 2DAY 3DAY 
 ------------------------------ Days to germination ------------------------------ 
Charger II 6.3 fg‡ 6.1 d 6.4 fg 
IG2 6.0 fg 5.8 d 6.6 fg 
Penn APR 2105 6.0 fg 6.6 d 6.5 fg 
Penn APR 2190 6.3 fg 6.0 d 8.0 efg 
Pop 5.6 g 6.0 d 6.3 g 
ATF 1258 8.8 def 8.6 bcd 9.0 defg 
Crackle 8.4 efg 8.4 bcd 9.4 def 
Justice 6.6 fg 6.6 d 7.5 fg 
Six Point 6.6 fg 7.0 d 8.0 efg 
Virtue II 6.6 fg 7.8 cd 8.8 efg 
Geronimo 20.1 b 17.1 a 15.8 a 
Mallard 12.5 c 11.0 b 10.6 cde 
Mystere 26.2 a 14.4 a 12.0 bcd 
Snap 9.8 cde 10.4 bc 14.3 ab 
Water Works 11.6 cd 10.6 bc 12.9 abc 
Source of variation 2014 2015 2016 
 Prob > F 
Irrigation 0.0003 0.0012 0.0211 
Cultivar <0.0001 <0.0001 <0.0001 
Irrigation × Cultivar <0.0001 0.8871 0.0054 
Week <0.0001 <0.0001 <0.0001 
Irrigation × Week <0.0001 <0.0001 <0.0001 
Cultivar × Week <0.0001 <0.0001 <0.0001 
Irrigation × Cultivar × Week 0.1439 0.6200 0.9696 
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Table 5-7. Effects of irrigation and cultivar on turfgrass coverage in 2014 and 2017 in Study 1. 
 
Irrigation treatment Cultivar 2014 2017 
  ------------ Turfgrass coverage (%) ------------ 
DAILY† 
Charger II 38.8 cd‡ 34.7 f-k 
IG2 36.2 de 40.2 b-f 
Penn APR 2105 50.4 ab 40.7 bcde 
Penn APR 2190 40.0 cd 40.1 b-f 
Pop 24.3 f-j 35.6 d-j 
DAILY 
ATF 1258 47.2 b 37.8 c-i 
Crackle 30.3 ef 43.3 abc 
Justice 54.9 a 42.7 abc 
Six Point 44.7 bc 48.0 a 
Virtue II 54.6 a 44.1 ab 
DAILY 
Geronimo 7.8 rstu 3.1 mn 
Mallard 8.9 p-u 1.7 mn 
Mystere 18.5 h-m 0.1 n 
Snap 2.9 tu 5.1 mn 
Water Works 16.0 k-q 1.5 n 
2DAY 
Charger II 13.2 m-s 33.4 g-l 
IG2 16.9 i-n 36.5 d-j 
Penn APR 2105 25.4 fgh 34.5 e-k 
Penn APR 2190 22.0 g-l 35.2 d-j 
Pop 13.7 m-r 31.8 ijkl 
2DAY 
ATF 1258 30.3 ef 32.4 ijkl 
Crackle 17.4 i-m 38.5 b-h 
Justice 33.1 de 38.6 b-g 
Six Point 28.7 efg 40.4 bcdf 
Virtue II 34.2 de 34.9 d-j 
2DAY 
Geronimo 3.8 tu 1.3 n 
Mallard 3.0 tu 3.1 mn 
Mystere 8.4 q-u 0.4 n 
Snap 2.5 tu 5.1 mn 
Water Works 6.5 stu 7.8 m 
 
† Irrigation treatments consisted of 5.1 mm irrigation daily (DAILY), 10.2 mm irrigation every two 
days (2DAY), or 15.2 mm irrigation every three days (3DAY). 
 
‡ Within columns, means followed by the same letter are not significantly different according to 
Fisher’s protected LSD (P < 0.05). 
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Table 5-7. (Cont.) 
 
 
† Irrigation treatments consisted of 5.1 mm irrigation daily (DAILY), 10.2 mm irrigation every two 
days (2DAY), or 15.2 mm irrigation every three days (3DAY). 
 
‡ Within columns, means followed by the same letter are not significantly different according to 
Fisher’s protected LSD (P < 0.05). 
  
Irrigation treatment Cultivar 2014 2017 
  ------------ Turfgrass coverage (%) ------------ 
3DAY† 
Charger II 13.2 m-s‡ 31.5 jkl 
IG2 9.2 n-t 28.5 kl 
Penn APR 2105 24.0 fghi 35.0 d-j 
Penn APR 2190 16.7 j-p 31.5 jkl 
Pop 12.1 m-s 27.4 l 
3DAY 
ATF 1258 28.8 efg 32.4 h-l 
Crackle 14.2 l-s 33.0 g-l 
Justice 34.3 de 33.8 g-k 
Six Point 23.9 f-k 36.2 d-j 
Virtue II 34.0 de 32.8 g-l 
3DAY 
Geronimo 2.0 u 2.4 mn 
Mallard 1.6 u 3.8 mn 
Mystere 4.7 tu 2.2 mn 
Snap 1.2 u 1.0 n 
Water Works 7.9 rstu 3.0 mn 
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Table 5-8. Effects of irrigation on weekly turfgrass coverage during each trial in Study 1. 
 
 
† Irrigation treatments consisted of 5.1 mm irrigation daily (DAILY), 10.2 mm irrigation every two 
days (2DAY), or 15.2 mm irrigation every three days (3DAY). 
 
‡ Within columns, weekly means followed by the same letter are not significantly different 
according to Fisher’s protected LSD (P < 0.05). 
  
Weeks after seeding (WAS) Irrigation treatment 2014 2015 2017 
  ------ Turfgrass coverage (%) ------ 
3 WAS 
DAILY† 12.8 a‡ 7.7 a 11.4 a 
2DAY 2.6 b 5.1 b 9.2 ab 
3DAY 1.8 b 4.8 b 7.9 b 
4 WAS 
DAILY 24.4 a 11.6 a 16.0 a 
2DAY 8.5 b 8.6 b 11.9 b 
3DAY 8.7 b 7.6 b 10.8 b 
5 WAS 
DAILY 35.0 a 14.5 a 23.3 a 
2DAY 17.4 b 12.2 b 18.8 b 
3DAY 16.2 b 10.9 b 17.1 b 
6 WAS 
DAILY 37.4 a 33.8 a 35.6 a 
2DAY 22.7 b 31.0 b 32.2 b 
3DAY 19.8 b 26.9 c 29.7 b 
7 WAS 
DAILY 40.0 a 44.9 a 39.5 a 
2DAY 25.5 b 41.9 b 37.0 a 
3DAY 21.3 b 36.7 c 31.6 b 
8 WAS 
DAILY 40.6 a 48.6 a 41.6 a 
2DAY 27.1 b 45.0 b 40.3 a 
3DAY 23.3 b 41.5 c 36.6 b 
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Table 5-9. Effects of cultivar on weekly turfgrass coverage during 2014 in Study 1. 
 
Cultivar 3 WAS 4 WAS 5 WAS 6 WAS 7 WAS 8 WAS 
 ----------------------------- Turfgrass coverage (%) ------------------------------ 
Charger II 3.8 cd† 11.8 cd 23.8 bcd 28.1 de 31.8 c 31.0 e 
IG2 4.3 cd 11.2 d 25.3 bcd 26.4 ef 29.3 cd 28.0 ef 
Penn APR 2105 14.2 ab 28.7 a 28.4 abc 43.1 c 42.8 b 42.4 c 
Penn APR 2190 9.2 bc 19.1 b 28.4 abc 34.6 d 34.4 c 31.7 de 
Pop 2.6 d 7.8 de 21.6 de 21.4 f 23.2 d 23.4 f 
ATF 1258 9.7 abc 27.8 a 30.3 ab 44.8 abc 48.9 ab 50.9 b 
Crackle 1.8 d 5.6 def 22.4 cd 25.3 ef 30.6 c 38.1 cd 
Justice 16.3 a 34.2 a 31.9 a 50.0 ab 53.9 a 58.5 a 
Six Point 5.5 cd 18.1 bc 29.5 ab 43.5 bc 47.4 b 50.7 b 
Virtue II 15.6 ab 34.0 a 34.5 a 50.2 a 54.8 a 56.7 ab 
Geronimo 0.4 d 0.8 f 15.1 ef 2.6 h 3.2 g 5.1 h 
Mallard 0.3 d 1.2 f 7.8 g 4.5 h 6.1 fg 7.1 h 
Mystere 0.9 d 2.9 ef 21.2 de 11.2 g 12.4 ef 14.7 g 
Snap 0.3 d 0.7 f 8.8 fg 0.8 h 1.1 g 1.4 h 
Water Works 1.3 d 3.9 ef 13.7 fg 12.8 g 14.0 e 15.2 g 
 
† Within columns, weekly means followed by the same letter are not significantly different 
according to Fisher’s protected LSD (P < 0.05). 
 
Table 5-10. Effects of cultivar on weekly turfgrass coverage during 2015 in Study 1. 
 
Cultivar 3 WAS 4 WAS 5 WAS 6 WAS 7 WAS 8 WAS 
 ----------------------------- Turfgrass coverage (%) ------------------------------ 
Charger II 9.7 a† 13.6 abc 15.4 b 31.4 cd 41.7 d 44.6 c 
IG2‡ --- --- --- --- --- --- 
Penn APR 2105 7.1 ab 12.7 abc 15.6 b 31.3 cd 42.1 d 46.6 c 
Penn APR 2190 10.3 a 14.2 ab 12.9 bc 29.9 de 40.1 de 44.2 c 
Pop 7.8 ab 11.3 bcd 11.2 cd 28.0 de 36.7 ef 39.7 d 
ATF 1258 9.6 a 13.4 abc 21.0 a 47.6 a 61.5 a 66.7 a 
Crackle 8.2 ab 13.3 abc 21.6 a 44.7 a 57.7 bc 64.9 ab 
Justice 10.2 a 15.4 a 21.3 a 45.1 a 59.9 ab 65.1 a 
Six Point 7.8 ab 13.5 abc 20.8 a 44.5 a 57.5 bc 64.4 ab 
Virtue II 7.4 ab 10.4 cd 15.8 b 40.9 b 55.6 c 61.4 b 
Geronimo 0.9 d 2.6 fg 5.4 e 21.9 f 34.1 f 37.8 d 
Mallard 4.7 bc 8.3 de 11.0 cd 33.9 c 42.0 d 44.2 c 
Mystere 1.3 cd 3.2 fg 5.7 e 21.9 f 34.0 f 37.7 d 
Snap 0.4 d 0.8 g 1.3 f 7.4 g 11.9 g 11.9 e 
Water Works 2.2 cd 5.6 ef 8.4 de 27.6 e 37.4 ef 36.7 d 
 
† Within columns, weekly means followed by the same letter are not significantly different 
according to Fisher’s protected LSD (P < 0.05). 
 
‡ IG2 was not included in the analysis for days to turfgrass coverage due to ≥ 50% of the 
experimental units within each irrigation regime never germinating during the eight-week trial. 
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Table 5-11. Effects of cultivar on weekly turfgrass coverage during 2017 in Study 1. 
 
Cultivar 3 WAS 4 WAS 5 WAS 6 WAS 7 WAS 8 WAS 
 ----------------------------- Turfgrass coverage (%) ------------------------------ 
Charger II 12.9 ab† 17.3 bc 25.4 c 43.1 d 48.5 d 51.8 c 
IG2 14.8 ab 18.5 abc 30.5 b 46.8 bcd 47.6 de 52.0 c 
Penn APR 2105 16.9 a 21.8 a 31.8 ab 47.8 bc 50.4 d 51.6 c 
Penn APR 2190 15.5 ab 20.6 ab 29.0 bc 47.8 bc 48.8 d 52.0 c 
Pop 13.1 ab 17.7 abc 25.0 c 42.5 d 44.0 e 47.3 d 
ATF 1258 11.3 b 15.6 c 25.5 c 43.9 cd 51.1 cd 57.9 b 
Crackle 13.9 ab 20.9 ab 30.3 b 49.3 ab 54.9 bc 60.8 ab 
Justice 13.9 ab 19.8 abc 31.3 ab 49.3 ab 55.6 b 60.3 ab 
Six Point 15.9 a 21.1 ab 34.9 a 52.6 a 60.4 a 64.2 a 
Virtue II 13.8 ab 18.5 abc 28.0 bc 48.3 b 55.1 bc 59.8 b 
Geronimo 0.2 c 0.2 d 0.7 d 2.9 e 4.0 fg 5.5 fg 
Mallard 0.2 c 0.3 d 0.8 d 3.5 e 4.9 fg 7.4 ef 
Mystere 0.1 c 0.1 d 0.1 d 1.0 e 1.5 g 2.5 g 
Snap 0.4 c 0.6 d 1.4 d 4.8 e 6.5 fg 8.6 ef 
Water Works 0.3 c 0.6 d 1.3 d 4.5 e 7.2 f 10.8 e 
 
† Within columns, weekly means followed by the same letter are not significantly different 
according to Fisher’s protected LSD (P < 0.05). 
 
Table 5-12. Analysis of variance for turfgrass coverage in Study 2. 
 
Source of variation 2016 2017 
 Prob > F 
Cultivar 0.0984 0.9639 
Irrigation 0.0004 0.0437 
Cultivar × Irrigation 0.4006 0.0549 
Days after seeding (DAS) <0.0001 <0.0001 
Cultivar × DAS 0.0284 0.9472 
Irrigation × DAS <0.0001 0.6238 
Cultivar × Irrigation × DAS 0.0764 0.2305 
 
Table 5-13. Effects of cultivar and days after seeding (DAS) on turfgrass coverage during 2016 
in Study 2. 
 
Cultivar 14 DAS 16 DAS 18 DAS 20 DAS 22 DAS 24 DAS 26 DAS 
 --------------------------------- Turfgrass coverage (%) ---------------------------------- 
RK4 21.4 a† 22.2 a 27.5 a 42.3 a 44.1 b 45.9 b 59.2 b 
Rebel Exeda 22.5 a 23.1 a 28.8 a 45.4 a 49.4 a 53.4 a 65.3 a 
 
† Within columns, means followed by the same letter are not significantly different according to 
Fisher’s protected LSD (P < 0.05). 
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Table 5-14. Effects of irrigation and days after seeding (DAS) on turfgrass coverage during 
2016 in Study 2. 
 
Irrigation 14 DAS 16 DAS 18 DAS 20 DAS 22 DAS 24 DAS 26 DAS† 
 --------------------------------- Turfgrass coverage (%) ---------------------------------- 
50% ETo‡ 21.5 a§ 20.8 a 21.3 b 35.0 b 34.4 c 33.9 c 46.5 c 
75% ETo 22.4 a 21.9 a 29.7 a 43.0 a 46.0 b 49.0 b 61.2 b 
100% ETo 24.1 a 25.7 a 30.9 a 48.8 a 51.9 ab 55.5 ab 68.5 ab 
125% ETo 19.8 a 22.2 a 30.6 a 48.5 a 54.6 a 60.6 a 72.9 a 
 
† Trial was terminated at 26 DAS. 
 
‡ Irrigation replaced percentages of the previous day’s ETo using deficit-irrigation levels of 50, 
75, 100, and 125% ETo. 
 
§ Within columns, means followed by the same letter are not significantly different according to 
Fisher’s protected LSD (P < 0.05). 
 
 
Table 5-15. Effects of irrigation and days after seeding (DAS) on turfgrass coverage during 
2017 in Study 2. 
 
Irrigation 14 DAS† 
(0.0574)  
16 DAS 
(0.0131) 
18 DAS 
(0.0022) 
20 DAS 
(0.0266) 
22 DAS 
(0.0106) 
24 DAS 
(0.0137) 
26 DAS 
(0.0458) 
28 DAS 
(0.0492) 
 --------------------------------- Turfgrass coverage (%) ---------------------------------- 
50% ETo‡ --- 34.6 b§ 39.2 b 49.8 b 51.8 b 55.7 b --- --- 
75% ETo --- 53.3 a 60.2 a 67.8 a 72.2 a 74.6 a  --- --- 
100% ETo --- 56.1 a 65.7 a 68.6 a 73.6 a 77.9 a --- --- 
125% ETo --- 54.4 a 62.7 a 67.9 a 68.3 a 72.8 a --- --- 
 
† When slicing the data by DAS analysis of variance indicated five observation dates where 
irrigation treatments exhibited significant differences in turfgrass coverage (p-value indicated in 
parentheses). 
 
‡ Irrigation replaced percentages of the previous day’s ETo using deficit-irrigation levels of 50, 
75, 100, and 125% ETo. 
 
§ Within columns, means followed by the same letter are not significantly different according to 
Fisher’s protected LSD (P < 0.05).  
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Figure 5-1. Example of distribution of seed and fertilizer in conetainer prior to sand-topdressing 
in Study 1. Portions of conetainers above the RL98 tray were hand-painted purple to facilitate 
the use of a frame in digital image analysis. 
 
Figure 5-2. Example of a whole plot replicate in Study 1. Wooden frames were constructed 
containing white, visqueen, polyethylene, plastic sheeting on each side of the frame to prevent 
incidental irrigation from adjacent whole plots. Each whole plot had one single FL-5VS FullJet 
wide-angle, full-cone spray nozzle centered approximately 0.6m above the RL98 tray to apply 
the scheduled irrigation treatment. 
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Figure 5-3. Modified lightbox used to collect photos for digital image analysis in Study 1. The 
camera was strapped to the top of a bucket (i.e., the lightbox) secured onto the purple frame. 
The purple frame allowed for easier assessment of green turfgrass coverage within the 
conetainer during digital image analysis. The frame contained a hole in the bottom, centered 
relative to the camera lens, wherein the hole fits tightly over a single conetainer so that only the 
media and the turfgrass tissue can be assessed during digital image analysis (as show in 
camera screen). 
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Figure 5-4. Experimental area showing arrangement of 0.4 m2 split plots in each 0.7 m2 whole 
plot in Study 2. A minimum distance of 0.9 m existed between each whole plot to facilitate 
easier data collection and in order to prevent incidental runoff from irrigation contaminating 
surrounding whole plots. 
 
 
 
 
Figure 5-5. Example of irrigation being applied to a whole plot in Study 2. Daily irrigation was 
applied using a pressure-calibrated hose and a 7.6 L min-1 (2.0 gallons min-1) Fogg-It misting 
nozzle. Runtimes to apply require irrigation volumes were calibrated using a 3.8 L graduated 
pitcher and a stopwatch. A spray shield was used during windy conditions to prevent drift and 
evenly apply irrigation treatments. 
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Figure 5-6. The lightbox used to collect digital images in Study 2. The lightbox was centered, 
relative to each experimental unit, fitting directly over each split plot in order to collect data for 
digital image analysis. The camera was secured to the top of the lightbox to record an above-
ground image of turfgrass coverage which would be subsequently analyzed in TurfAnalyzer to 
objectively assess turfgrass coverage. 
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Figure 5-7. One hundred percent reference evapotranspiration (ETo; mm) of each previous day replace in Study 2. Dashed lines 
indicate daily average of 100% ETo replaced during the trial period.  
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CONLCUSIONS 
In attempts towards reducing water use for irrigation of turfgrass lawns, it is important to 
keep in mind there is no silver-bullet solution, and that an array of site-specific best 
management practices for water conservation should be employed in such efforts. The findings 
of this research indicate areas wherein water use could be reduced for irrigation of turfgrass 
lawns. Use of rain sensors (RS) and soil moisture sensors (SMS) were shown to significantly 
reduce water use (22.5 and 66.6% on average, respectively) without negatively affecting 
turfgrass aesthetics over three summer periods. As in previous studies, the findings of this 
research demonstrated scheduling irrigation based on soil moisture appears to lead to greater 
reductions in water use than using RS. Since the completion of this research additional SMS 
have been developed for use in turfgrass lawns, such as the Hunter Soil-Clik (Hunter Industries 
Inc., San Marcos, CA). Additionally, automatically calibrated moisture thresholds were utilized 
among the SMS in this study. Future research should investigate the water-savings potential as 
new SMS are developed and also should investigate the savings potential when user-adjusted 
thresholds, less than the default threshold, are used. Future studies should also investigate the 
use of RS and SMS in lawns containing cool-season turfgrasses, such as tall fescue (Festuca 
arundinacea (Schreb.); TF) and Kentucky bluegrass (Poa pratensis L.; KBG), as they are not as 
drought resistant as bermudagrass (Cynodon dactylon L.) and may be more sensitive 
aesthetically to scheduling irrigation based upon recent rainfall or current soil moisture. As new 
SMS are developed and research continues investigating irrigation sensor technologies, it is 
important that these findings are communicated and proper education is provided to 
homeowners and turfgrass managers so they may utilize them in existing irrigation systems and 
water usage in irrigation practices can be reduced. 
Utilizing drought-resistant, cool-season turfgrass varieties in a humid transition zone 
environment with fine-textured soils and timely rains may require little irrigation to maintain 
acceptable lawn quality during the summer. Applying deficit irrigation at levels as low as 50% of 
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crop evapotranspiration (ETc) was observed to be a useful method for reducing water use 
without negatively affecting the aesthetics of the turfgrass. Future research in this location, or 
under similar environment conditions, should consider using a rainout shelter to better evaluate 
drought-resistance differences under prolonged, chronic drought stress. Additional research 
could evaluate the drought-resistant varieties of ‘Diva’ KBG and ‘RK4’ TF compared to drought-
sensitive ‘Geronimo’ KBG and ‘Rebel Exeda’ in controlled environments to better understand 
drought-resistance mechanisms and responses when these varieties are subjected to chronic 
drought. Utilizing ‘RK4’, ‘Diva’, and perhaps other cool-season varieties qualified by the 
Turfgrass Water Conservation Alliance would help reduce water use in lawn irrigation practices 
in an environment such as Northwest Arkansas. As turfgrass varieties continue to be screened 
and identified and improved cultivars are developed, it is important that they are evaluated for 
their drought resistance so that they may be implemented in lawns in efforts to reduce water 
use. Some varieties of KBG may be more sensitive to deficit irrigation and may be unable to 
maintain acceptable turfgrass quality under prolonged chronic drought, even when irrigated at 
100% ETc. Future research should continue to evaluate turfgrasses for their performance under 
deficit irrigation and should consider evaluating drought-resistant varieties at levels < 50% ETc 
to potentially reduce water use even further without sacrificing turfgrass quality. Future studies 
in locations with similar environmental conditions (high humidity, fine-textured soils, and 
frequent rainfall) should also consider implementing a treatment consisting of natural 
precipitation only. 
Current guidelines and recommendations for irrigating turfgrasses during establishment 
provide rather vague, general instructions in terms of the water requirements for establishing 
turfgrasses from seed. Irrigation ordinances do not currently restrict irrigation practices when 
establishing turfgrass lawns from seed. However, should these policies become more regulated 
in the future, similar to restrictions for irrigating mature turfgrass lawns, irrigating drought-
resistant varieties every two or three days could result in similar turfgrass coverage at two 
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months after seeding compared to when irrigated daily. Additionally some drought-resistant 
varieties irrigated infrequently establish similar to drought-sensitive varieties irrigated daily. The 
findings of this research also demonstrate irrigating TF at 75% of reference evapotranspiration 
(ETo) during the first 28 days after seeding provides similar coverage as when irrigated at 100% 
ETo. Given current irrigation recommendations for establishing lawns from seed, homeowners 
and turfgrass managers potentially irrigate at volumes much greater than 75% ETo and 
therefore may be applying more water than necessary. Differences in drought resistance among 
turfgrasses under deficit irrigation at maturity are not evident during the establishment period. 
Future research should consider evaluating turfgrass performance under deficit irrigation during 
establishment for a longer duration (> 28 days) in further efforts to see if turfgrasses reach near 
100% coverage at different rates when irrigated using deficit irrigation daily. Future research 
should also investigate the irrigation requirements of other seeded turfgrass species, as well as 
irrigation requirements for establishing turfgrass from sod, sprigs, or plugs. 
Overall, the findings of this research demonstrate many areas where water usage for 
lawn irrigation may be reduced. As previous research has shown, homeowners appear to have 
some interest in water conservation and may seem to place some importance or preference for 
turfgrasses with low water requirements, it is imperative that the findings of this research are 
supplemented to existing university outreach education and extension programs so that water 
use in lawn irrigation can be reduced. It is additionally important that these findings and results 
from turfgrass water conservation studies are shared with and taught to legislators, policy- and 
other decision-makers who may be unaware of the consequences of removing turfgrass lawns 
and of the actual water requirements of turfgrasses.  
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APPENDIX 
 
MATERIALS AND METHODS 
 
Experimental area 
This study was conducted for 19 days beginning 19 July 2017. This study was conducted 
at the University of Arkansas Agricultural Research and Extension Center in Fayetteville, AR on 
a Captina silt-loam (Fine-silty, siliceous, active, mesic Typic Fragiudults) underneath a rainout 
structure. The structure had open ends and sides to allow for natural air movement. A 0.15-mm 
thick plastic cover (Green-Tek Inc., Jamesville, WI) was placed on the top of the structure. 
Gutters were mounted along the sides of the structure to direct precipitation runoff from the 
plastic cover away from the structure. The experimental area was tilled and subsequently 
smoothed and leveled using a landscape rake to minimize effects of irrigation runoff or ponding. 
All vegetative plant material and residue (i.e., weeds) were removed so that only bare soil 
remained in the experimental area. 
 
Cultivar Treatments 
Bermudagrass cultivars evaluated in this study were ‘Princess 77’ and ‘Sahara II’. 
‘Princess 77’ is currently qualified by the TWCA for its superior drought resistance (tgwca.org). 
Each cultivar contained a zinc coating to facilitate easier handling during seeding (K. Hignight, 
personal communication, NexGen Turf Research LLC, 2017). The cultivars were seeded by 
hand at the rate of 11.3 g pure live seed m-2 which followed recommendations for seeding 
coated bermudagrass by Patton et al. (2008). The cultivars were seeded in two adjacent plots, 
each 0.6 x 0.6 m in size. After seeding, an organic fertilizer (6-2-0 Milorganite Classic, SGN: 
160, Milorganite, Milwaukee, WI) was applied evenly by hand at the rate of 4.9 g N m-2, which 
covered an area of approximately 0.7 m2. Within each split plot, seed and fertilizer was then 
lightly raked into the soil in two directions. Irrigation was applied (see irrigation treatments) and 
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the whole-plot was lightly covered with a 14.2 g germination blanket (item# PR1724, A.M. 
Leonard Inc. Piqua, OH) was used to facilitate coverage evaluations (Patton et al., 2010). All 
covers were removed once it was apparent germination had ceased and all covers were 
removed at seven days after seeding.  
 
Irrigation Treatments 
The whole plots represented a single irrigation treatment. Irrigation was applied using a 
pressure regulated (275.8 kPa) hose that contained a 7.6 L min-1 (misting nozzle (Fogg-It 
Waterfog, Fogg-it Nozzle Co., Belmont, CA) to prevent movement of seed and/or fertilizer from 
moving outside of the plot area (Fig. 5-5; Sandor, 2018). Daily irrigation treatments replaced 50, 
75, 100, or 125% of the previous day’s ETo. The weather data was collected from an on-site 
weather station wherein climatological data was compiled to estimate ETo using the FAO-56 
Penman-Monteith equation (Allen et al., 1998). The total volume of water required to apply each 
irrigation level to the whole plot was calculated each day prior to the irrigation application and 
the required runtime to apply the calculated volume was calibrated using a graduated 3.8 L 
pitcher and a stopwatch. A spray shield was utilized to minimize effects of drift during the 
irrigation application (Fig. 5-5; Sandor, 2018). On the day of seeding all whole plots received 
12.7 mm irrigation in two separate 6.4-mm applications at least six hours apart, to ensure 
uniform moisture conditions across all plots. The first of those two irrigation applications was 
applied using a 3.8 L min-1 Fogg-It misting nozzle before putting the germination blanket cover 
over the whole plot. During the first seven days of the trial, irrigation treatments were divided 
into two separate applications (dividing the previous day’s ETo in two), and irrigated only once 
per day thereafter until the end of the trial. 
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Experimental design and data analysis 
 The experimental design of this study was a split-plot design with the irrigation treatment 
representing whole plots and arranged in a randomized complete block and replicated four 
times. Cultivar treatments were in split plots. There was 0.9 m between each whole plot to 
facilitate easier data collection and to prevent incidental runoff from irrigation contaminating 
surrounding whole plots. Beginning eight days after seeding, data were collected on turfgrass 
coverage using digital image analysis (Karcher and Richardson, 2013; Richardson et al., 2001) 
and collected every two days thereafter until the conclusion of the study in order to assess the 
influence of irrigation treatments on turfgrass establishment. Broadleaf and grassy weeds were 
removed by hand prior to photos being taken, so as to only assess and quantify turfgrass 
coverage from the seeded varieties. Digital images were collected prior to irrigation using a 
camera and a lightbox that fit directly over each split plot (Fig. 5-6; Sandor, 2018). Digital 
images were analyzed using TurfAnalyzer (turfanalyzer.com; Karcher et al., 2017) to objectively 
quantify percent turfgrass coverage. The effects of cultivar, irrigation, and their interaction on 
percent turfgrass coverage were subjected to analysis of variance using the ProcMixed 
procedure in SAS (v. 9.4, SAS Institute Inc., Cary, NC) using α = 0.05. Means of significant 
treatment effects were separated and compared using Fisher’s protected least significant 
difference at the 5% probability level (P < 0.05). 
 
RESULTS AND DISCUSSION 
 The experimental area was contaminated with incidental runoff from a rainfall event at 
19 DAS (Fig. A-1); therefore throughout this discussion, the main effects of irrigation, days after 
seeding will be discussed in regards to the establishment of the bermudagrass varieties during 
the first 18 DAS (Table A-1). Significant differences in turfgrass coverage were observed 
between the two varieties with regards to irrigation as irrigating ≥ 75% ETo resulted in 
significantly greater coverage than irrigating at 50% ETo (Table A-2). Bermudagrass irrigated at 
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75% ETo exhibited greater coverage than seedlings irrigated at 50% (Table A-2). As the trial 
progressed, turfgrass coverage significantly increased each day of data collection, which was 
expected (Table A-3), and by 18 DAS plots were close to 100% turfgrass cover (Fig. A-1). When 
slicing the data for DAS, bermudagrass exhibited significantly greater coverage irrigated at ≥ 
75% ETo than irrigating at 50% ETo at 8, 14, and 16 DAS (Table A-4); however significant 
differences did were not observed among irrigation treatments at 18 DAS (final day of data 
collection). Bermudagrass is one of the more drought-resistant turfgrass species (Beard, 1989), 
however, using deficit irrigation during the establishment period is a water conserving strategy 
that can be utilized without sacrificing the rate at which seeded bermudagrass varieties 
establish, as daily irrigation applying 75% of the previous day’s ETo exhibited similar coverage 
as irrigating at 100% ETo during the first 18 DAS. 
Previous research has investigated guidelines for establishing bermudagrass from seed 
and have been well summarized by Patton et al. (2008). One important aspect regarding 
establishing seeded bermudagrass is the seeding date; as seeded bermudagrass are most 
sensitive to winter damage during the first winter after being planted. From the review of 
previous studies Patton et al. (2008) reported dormant, or late-winter seeding, could yield 
successful results, and furthermore they recommended seeding bermudagrass no later than 1 
June in the transition zone. This study was seeded on 19 July, which is approximately seven 
weeks later than the 1 June date. Therefore future research should certainly regard this in mind 
and examine the irrigation requirements earlier in the year. Overall, recommended practices for 
establishing bermudagrass from seed could provide more objective guidelines and specific 
instructions in terms of daily irrigation applying 75% of the previous day’s ETo in order to 
conserve water more effectively. Within their report the summary procedures for irrigating 
seeded during establishment state “Maintain a moist seedbed with light, frequent irrigation until 
plants mature to a point where irrigation frequency can be reduced and amount increased,” 
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(Patton et al., 2008). While this is a sound principle, it still does not disclose specific irrigation 
amounts during establishment. 
 To expound further upon these findings, future research should investigate other factors 
that may have potentially contributed to the observed differences in turfgrass coverage; such as 
seed size. Additional research should investigate if these water savings are also realized when 
seeding hulled or non-coated bermudagrass, and other warm-season turfgrass species such as 
zoysiagrass (Zoysia japonica (Steud.)), bahiagrass (Paspalum notatum Flueggé), and 
centipedegrass (Eremochloa ophiuroides (Munro) Hack.). Furthermore, it would be of great 
interest to evaluate the effectiveness of deficit irrigation in vegetative propagation methods, 
such as the installation of bermudagrass sod, planting sprigs or plugs.  
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TABLES AND FIGURES 
Table A-1. Analysis of variance for turfgrass coverage in 2017. 
 
Source of variation Prob > F 
Cultivar 0.1361 
Irrigation 0.0089 
Cultivar × Irrigation 0.8938 
DAS <0.0001 
Cultivar × DAS 0.1094 
Irrigation × DAS 0.2744 
Cultivar × Irrigation × DAS 0.977 
 
Table A-2. Effects of irrigation on turfgrass coverage in 2017. 
 
Irrigation Turfgrass coverage (%) 
50% ETo† 43.5 b‡ 
75% ETo 58.5 a 
100% ETo 55.7 a 
125% ETo 61.2 a 
 
† Daily irrigation replaced percentages of the previous day’s ETo using deficit-irrigation levels of 
50, 75, 100, and 125% ETo. 
 
‡ Means followed by the same letter are not significantly different according to Fisher’s 
protected LSD (P < 0.05). 
 
Table A-3. Effects of days after seeding on turfgrass coverage in 2017. 
 
Days after seeding Turfgrass coverage (%) 
8 29.1 e‡ 
10 26.9 e 
12 36.1 d 
14 65.3 c 
16 77.7 b 
18† 93.4 a 
 
† Trial was terminated at 19 days after seeding due to incidental runoff from precipitation 
entering the experimental area. 
 
‡ Means followed by the same letter are not significantly different according to Fisher’s 
protected LSD (P < 0.05).  
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Table A-4. Effects of irrigation and days after seeding (DAS) on turfgrass coverage in 2017. 
 
Irrigation 8 DAS† 
(0.0008) 
10 DAS 
(0.0837) 
12 DAS 
(0.0199) 
14 DAS 
(0.0003) 
16 DAS 
(0.0039) 
18 DAS 
(0.1834) 
 --------------------------------- Turfgrass coverage (%) ---------------------------------- 
50% ETo‡ 14.9 b§ --- 25.7 b 50.7 b 65.1 b --- 
75% ETo 31.7 a --- 39.2 a 71.0 a 83.2 a --- 
100% ETo 32.5 a --- 36.3 ab 65.3 a 79.0 a --- 
125% ETo 37.2 a --- 43.0 a 74.1 a 83.7 a --- 
 
† When slicing the data by DAS analysis of variance indicated four observation dates where 
irrigation treatments exhibited significant differences in turfgrass coverage (p-value indicated in 
parentheses). 
 
‡ Irrigation replaced percentages of the previous day’s ETo using deficit-irrigation levels of 50, 
75, 100, and 125% ETo. 
 
§ Within columns, means followed by the same letter are not significantly different according to 
Fisher’s protected LSD (P < 0.05). 
 
 
Figure A-1. Incidental contamination from a rainfall event at 19 days after seeding, which ended 
the trial. 
